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Introduction; Acknowledfjurats. 

The islands of the deep oceans have geological importance out of 
all proportion to their individual areas or thetr total area, when com- 
pared with equal areas of the continents Small as it is, a deep-sea 
island tells U9 practically all we shall ever directly ascertain concerning 
the nature of the solid sulioceanic material throughout a much more 
extensive region Thus, from a few thousand relatively minute 
patches of dry land geologists must glean most of their detailed data 
for about one half of the earth Investigations in geodesy, seismology, 
the earth’s magnetism, paleogeography, isostasy, diastrophism, and 
petrology cannot be completed until the information from the deep- 
sea islands have been brought to book 

All of these islands seem to l>e volcanic Their rocks indicate the 
composition of subcmstal or mtercrustal magmas Since the island 
cones have been built up from the bottom of the sea, 3000 to 6000 
meters below the surface, the petroiogist and volcanologist have here 
the advantage of being able to study the products of each truly enor¬ 
mous volcano at a late stage in its growth None of the purely vol¬ 
canic cones on the continents w comparable m height or volume with 
any one of many deep-sea volcanoes When the explorer lands on an 
oceanic island, he begins his study at a contour line between 3000 and 
6000 meters abo\c the base of the pile, without the discomforts and 
expense which usually accompany exploration at similar altitudes on 
the lands The study of the late stages in the growth of great vol¬ 
canoes is, then, specially favored among the islands of the deep sea 

Moreover, in a few cases, oceanic eruptions have brought to view 
fragments of the solid crust on which the respective cones have been 
built In this way precious information regarding the evolution of 
the ocean-basins, paleogeography m general, and other problems of the 
first rank lias been secured If for no other reason, an intensive study 
of every oceanic island is amply warranted Since the geological 
mapping of this half of the earth demands much less work and expense 
than the other half, there is no good reason why the detailed mapping 
of the deep-sea islands should not be completed within a few decades* 
This systematic and comprehensive work is not likely to be under¬ 
taken by governments It demands private enterprise, and, ideally, 
private endowment on a scale so large that the study shall be con¬ 
tinuously pursued by experts consecrated to the working out of a great 
synthesis Meantime the less satisfactory process of getting mforma- 



GEOLOGY OF ASCENSION ISLAND. 


5 


tfon by individual studies pursued during independent expeditions is 
slowly but surely proving the significance of the oceanic islands 

Charles Darwin, Renard, Mellisa, Prior, Reinisch, and others have 
illustrated the point from Ascension and Saint Helena Islands No 
adequate geological map of either island has, however, been published 
The opportunity of making geological reconnaissance maps of both 
was accorded to the writer during the year 1921 This paper sum* 
manses his observations on Ascension, a second paper, on Saint 
Helena, will, it is hoped, be printed in these Proceedings after the lapse 
of a few months. 

The geological part of the map of Ascension (Plate I) is the product 
of twenty-seven days of field-work (October 30 to November 25) 
Much more work could, of course, have been profitably devoted to the 
work, but steamer sailings and other considerations prevented the 
more thorough study. 

The travelling and field expenses were defrayed from the Shaler 
Memorial Fund of Harvard University They were low because the 
writer was the guest of Major C A Tennyson, Commandant of the 
island, which had long been under the control of the British Admiralty 
and noted on their books as a battleship In 1922 the administration 
of Ascension was transferred to the Governor of Saint Helena, acting 
for the Colonial Office Owing to the unlimited kindness of Major 
Tennyson and his staff of marines, the field-work was greatly facili¬ 
tated To him and to Rear Admiral F C Learmonth, Hydrograpliei 
to the Royal Navy, who donated charts of the island, the writer's 
thanks are due As noted lielow, Dr J S Flett, Director of the 
Geological Survey of Great Britain, generously presented a number of 
thin sections of Ascension rocks The writer w specially grateful to 
Dr H S Washington, Mr E. G lladley, and Miss Helen E Vassar 
for the care which they have taken with the seven new chemical an¬ 
alyses of rocks. 

The base-map used wa* the official chart, the quality of which is 
specially good Its scale is about 1 36,500 It shows relief by shad¬ 
ing, supplemented by numerous indications of local heights, which 
were controlled by triangulation Adding barometric data, material 
was secured for the drawing of a sketdi-contour map, Plate I Rough 
and unperfect as it is, this map gives an idea of the general relief 
It bears a representative selection from the many soundings shown on 
the chart 
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Previous Work. 

In 1501, on Ascension Day, the island was discovered by de Nova, 
the Portuguese navigator For more than three centuries it received 
little notice In 1815, when Napoleon was sent to Samt Helena, the 
British Government annexed Ascension, and under naval control 
the first settlement, Georgetown, was founded The Eastern Tele¬ 
graph-Cable Company has here long had one of its most important 
stations, relaying transatlantic messages 
Dunng 1819 the island was mapped b> Lieut R Campbell, and m 
1838 it was again mapped, and the surrounding waters sounded, by 
Lieut G A Bedford of H M S Raven This second edition has 
been superseded by that made (1898-1901) bv Capt E Y Daniel, the 
chart now sold by the Admiralty and copied by the United States 
Hydrographic Office (chart No 538, price, 40 cents) 

As early as 1804 Bory de Vincent (Voyage dans les Principals lies 
des Mere d'Afnque, 1801-2, 3 vols , Pans, 1804) published gossipy 
notes on Ascension and Samt Helena, these have now only historical 
interest Of somewhat similar qualit> is the account given by R P 
lesson, on pages 489-500 of the first volume on Zoology, resulting from 
the 41 Voyage autour du rrionde sur la corvette La Coqmlle , 1822-5” 
(Pans, 1826) The 44 Narrative of a Vojage to the Southern Atlantic 
Ocean in theyeure 1828-30, performed m H M Sloop, Chanticleer” 
(2 vols, London, 1834), by the naval surgeon, W H B Webster, 
contains a little known but valuable description of the geology and 
natural history of Ascension Webster anticipated Darwin in many 
important discov eries relating to the geology 
The classic pages of Darwin’s 44 Geological Observations on the 
Volcanic Islands, etc 99 (pp 40-82, 2d ed , London, 1876) give the 
best account of the island The first edition (1844) was illustrated 
with Campbell’s map, later editions with that of Bedford Darwin's 
Journal of Researches (Voyage of H M S Beagle, 1831-6) contains 
a few pages devoted to Ascension 

The Challenger Expedition (1873-6) resulted m several publications 
dealing with the island 

Narrative of the Cruise, C Wyville Thomson, vol 1, part 2, 
pp 927-9, 944, London, 1885, 

Summary Report, by J Murra>,pp 1237-41, London, 1895, 
Report on the Petrology of Oceanic Islands (in vol 2 of Report on 
Physics and Chemistry), by A Renard, pp 39-74, Ixmdon, 1889; 
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The Atlantic, by C. W Thomson, vol 2, pp, 221-229, New York, 
1878, 

Notes by a Naturalist, by Moseley, pp 487-489, new ed , 

London, 1892 

An entertaining, popular description of the island is given in Mrs 
David GiIPs “Six Months in Ascension" (London, 1878) Brief 
accounts are to l>e found m the Africa Pilot, Part 2, 5th ed , London, 
1901, m the Encyclopaedia Bnt&nmca, 11th ed , article “Ascension,” 
1910, and in volume 13 (L'Afrique mendionale) of E Kudus' Nou\elle 
Geographic Unrverselle (pp 24-30, Pans, 1888) 

The petrography of Ascension lias been discussed by Darwin and 
Ren&rd in the books already cited G T Pnor (Mineralogi- 
cal Magazine, 13, 257, 1903) gives additional notes Another 
modem, but much more comprehensive, statement of the petrog¬ 
raphy has been published by R Reimsch, who studied the specimens 
collected by members of the Deutsche Sudpolar Expedition of 1901-3, 
volume on “ Geologic und Geographic," Teil 2 (pp 646-654, Berlin, 
1912), a number of analyses are gi\tn 
In the Apnl number of the Geological Magazine, 1922, the writer 
published a preliminary report on his exploration of the island 
Finally, note may here be taken of Faj e’s measurement of the force 
of gravity at Ascension, the result of which is given in the Comptes 
Rendus of the French Academy of Sciences (\ol 102, p (>51, 1880) 
As at Saint Helena, Fernando Noronha and Saint Thomas, he found 
gravity to be greatl\ m ext ess of its theoretical \alue 


Physiography 

Ascension Island lies just north of the parallel of eight degrees, 
south latitude, and centers on the meridian of fourteen degrees, 
twenty-four minutes, west longitude In plun it approximates to an 
equilateral triangle, measuring 12 kilometers by 9 5 kilometers The 
circumference is about 3 r > kilometers, the area, about 97 square 
kilometers 

The base of the island-cone is near the top of the mid-Atlantic swell 
at the depth of nearly 3,000 meters below the surface of the sea 
(Figure 1) To east and west of the swell the Atlantic bottom has 
depths greater than 5600 meters The Samt Helena cone, situated 
near the eastern foot of the swell, 1250 kilometers southeast of Ascen¬ 
sion, has its base at the depth of about 4200 meters 

On a manuscript chart, kindly supplied by the Eastern Telegraph 
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Company, Ltd, of London, indicated soundings show the existence of 
a broad, dome-shaped, relatively shallow area of the bottom Hie 
minimum depth found in thts area is £30 fathoms, or 1518 meters, at a 
point bearing about N 30° W from Georgetown and distant 18.5 
kilometers therefrom Three kilometers to the northwest of that 
point is another sounding, of 860 fathoms or 1573 meters Between 
the shallowest point and the shore of Ascension, three soundings, at 



Figttrk 1 Position of Ascension and Saint Helena Islands in relation to the 
mid-Atlantic swell Depths m meters 

1100, 1018, and 1178 fathoms, seem to prove that the dome-shaped 
area rises from the general surface of the mid-Atlantic swell, quite 
independently of the Ascension cone; another volcanic center may be 
indicated 

To the westward of Ascension the soundings are sufficiently numer¬ 
ous to give an idea of the submarine slope on that side From the 
shore at Georgetown to the apparent base of the cone to the north¬ 
westward, a distance of about 13 kilometers, the average slope is dose 
to 10° From sea-level at Georgetown to the top of the Peak the 
average slope is 6° 40' From the summit of the Peak to the base of 
the cone to the northwestward the slope is about 8° 30', Off South- 
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east Head the submarine slope is much steeper, a sounding at 30 
fathoms or 71 meters is spaced oniv 1100 meters from a sounding at 
400 fathoms or 731 meters, giving a slope of 31° Probably, however, 
the mean slope of the cone as a whole is not very different from that 
of a typical basaltic volcano nsing from the floor of the ocean 1 

As usual the horizontal distance between the shore-line and the 
SO-fathom isobath is considerably greater than that between the 
50-fathom and 100-fathom isobaths The break-of-slope at the outer 
edge of the coastal shelf is located close to the 50-fathom line In 
illustration the slopes off Georgetown may l>e noted 

0-50 fathoms 1 40 

50-100 * 1 10 

100-200 “ 1 6 

200-500 “ 1 3 

500-700 “ 1 5 

The island lies in the trode-wind belt The mean temperature of 
the air at the shore (Georgetown) is 85° F and at the elevation of 
2000 feet (610 meters) on Green Mountain, about 75° F In spite of 
these temperatures the field-worker is kept comfortable by the strong, 
persistent wind In fact Ascension is widely known in naval circles 
for its health-giving climate The conditions are and to semi-and 
The mean annual rainfall is not far from 20 inches (50 centimeters), 
but most of the rain falls during the autumn months of March and 
April, often m the form of “cloud-bursts ” The porous nature of the 
rocks prevents an> significant storage of water except by the use of 
catchments surfaced with cement, at high cost of labor and material 
These catchments, totalling several acres in extent, are all situated 
near the top of the highest point, the summit of Green Mountain, 
some eight kilometers from Georgetown At the very top is a large 
dew-pond, kept filled by the dnp from planted bamboos, the precipi¬ 
tation of water from the humid air us rapid enough to preserve a depth 
of a meter or less throughout the drj season The water piped from 
Green Mountain has proved insufficient for the inhabitants of George¬ 
town, who have long relied on the distillation of sea water for a large 
part of their supply 

The famous “rollers,” breaking on the shores of Ascension and 


l Bee O Krikmmel, Handbuch der Owainograptne, Stuttgart, 1. 97, 1907. 
F Dpfcneh, Untersuchunaen liber die BOschungsverh&ltmsse der Socket 
ocfcaaischer Inseln (Inaug Dias , Grafswald. 1892), G W Littlehales, Paper 
95, United States Hydrographic Office, Washington, 1890 
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Saint Helena, are explained in the Hydrographic manuals as due to 
swells set going by storms in the North Atlantic, accumulating evi- 
dence tends to confirm this theory 

Thin deposits of phosphate, on the basaltic flows, occur at many 
places These will lie described by Professor E S Larsen and 
G Richards in a special paper 

Ascension is entirely volcanic, except for some small patches of 
beach material thrown up by storm waves From the time of its 
diseo\ ery no sign of volcanic activity, not even a hot spring, has been 
reported, though geologically the island is extremely young The 
chart shows the sites of forty-four vents, including a distinct vent 
probably represented in Boatswain Bird islet, near the eastern end of 
the main island Adding other, smaller vents, the total number is at 
least sixty 

The highest point is the top of The Peak (2817 feet or S'iB meters 
above sea), which itself is the highest part of the complex called Green 
Mountain (Plate 11, A) Southward from The Peak to sea-level the 
mean slope is tliree times us rapid as that on the opposite side, to 
eastward the mean slope is nearly twice that on the west The 
asymmetry of the island's profile is further expressed by the special 
development of high cliffs and cliffy slopes in the eastern and south¬ 
eastern parts of the island Even before the visits of Lesson, Webster, 
and Darwin, the intelligent commandants of Ascension had remarked 
on the lack of symmetry in the individual cones, which in many cases 
are steeper to windward (the southeast) than in the opposite direction 
The strong trade-wind is the obvious direct cause of the more rapid, 
initial accumulation of ash and cinder on the leeward side of each vent 
The initial asymmetry has been increased by the erosion of the wind¬ 
ward slopes and drifting of the finer material to leeward This 
thinning and weakening of the structure on the windward side has 
caused the lava, later rising in the vent, to break through or over the 
rim on that side Typical breached cones have been thus produced 

More than half of the island is surfaced with scoriaeeous flows of 
basaltic or trachydolentic composition, pyroclastic beds, though 
common, are subordinate in volume There is no reason to doubt 
that the great composite cone is also chiefly basaltic at all depths 
below the present land-surface Important traehytic masses are 
intercalated with the femic flows and pyroclastic beds or rest upon 
these One may assume similar interruption of the basaltic complex 
by other local, subordinate lwdies of trachyte, down to some depth 
below sea-level Clearly, however, trachyte is not the rock on which 
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the visible island is Imsed Darwin speaks of the trachyte as ** funda¬ 
mental" and the basalt as characteristically “overlying" the trachyte, 
having been erupted "at the base of the great central mass of trachyte 99 
The true relations of the two types of la\ a are described below 
For the convenience of the reader the following table (Table 1) has 
been compiled, giving a brief, preliminary description of the named 
cones and vents, which arc classified according to their essential 
features Heights ha\e been taken from the chart or from notes of 
barometric read in g-* 


TABLE I 

Basaltu Masses and Other Kemic Mashes 

(Masses of com pom tion other than basaltic arc specially designated ) 

Exogenous lava-dome (due to local eruption without definite crater) 

Bears Back, 800 feet (Plate IV ) 

Fissure-eruption 

On Southeast Head (several small craters opened on tlie fissure) — trachy- 
andesite (Plate VIII) 

Dominantly or wholly lam-formed cone $ 

Dark Slope, 703 feet — breached (Plate XI ) 

Driblet west of Durk Slope 
Table Crater, 040 feet — breached 
Lady Hill, 1181 feet 

Slag cones 800 meters W S W of Iaidv Hill summit 
Throe driblets, northeast foot of Sisters Peek 

Landing Pier cone, Georgetown, 80 feet (scoria cone) —traehydolentc 
Ilayes Hill, 100 feet — traehydolentc (Plate XXI, A ) 

Cat Hill, slag-cone, 280 feet 

Twelve driblet tones, culminating at the west end of the senes in Booby 
Hill 

Composite cotm , composed of flows and pvro< last us 
Saddle Crater, 422 feet 
South Gannct Hill, 749 feet 
Round Hill, 460 feet 
Horseshoe Crater, 394 feet 
Mountain Rod IIiU, 1786 feet (Plate X, B ) 

Sisters Peak, 1400 feet (Plate III, A ) 

1012-foot oono N W of Sisters Peak 
1187-foot cone 8 E of Sisters Peak 
Travellers Hill, 1174 feet 
Thistle Hill, 1080 feet 
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Butt Crater, 740 feet 
Street Crater, 787 feet 

Three unmapped craters between Street and Hollands craters 

Misters Red Hill, 906 feet 

Hollands Crater, 054 feet (Plate IV ) 

East Crater, 743 feet (Plate IV ) 

Breached cone, north foot of Bears Back, About 500 feet 
Upper Valley Crater, 803 feet 
Crater Cliff cone, 186 feet 
Southeast Crater, 1146 feet 

DominatUly or wholly pyroclastic cones 
South Red Crater, 540 feet 
Southwest Red Hill, 731 feet 

013-foot con© N W of Dark Slope (has effluent flows) 

Perfect Crater, 1020 feet 

The Peak, 2817 feet (Plate II, ,4 ) 


Tbachtol Masses 

Endogenous domes or era ter-fillings, not visibly affected by axial subsidence 
Pillar Bay dome (probable) 

Cocoanut Bay body, a relic, jierhaps eviscerated by explosion 
Ragged Hill dome, 944 feet 

Green Mountain dome, 2490 feet, rose in a large basaltic caldera, thick 
overflows of trachyte, on the east affected by a second caldera explo¬ 
sion, The Peak cone of basaltic tuff and ash being built in this cavity. 
Weather Post dome, 1990 feet, thick overflows of trachyte, affected by a 
major explosion at the Devils Cauldron (caldera) and probably by a 
still greater explosion, which formed the depression between Weather 
Post and the ridge running north from White Hill (Plate XV, A ) 
White Hill dome, 1723 feet, thick, stubby overflows of trachyte 
Little White Hill dome, 552 feet, rose in center of older explosion-crater 
of which much of the basaltic run is well preserved (Plate VII) 
Wig Hill dome, 475 feet, veneered with basaltic scoriae (Plate IX ) 
Southeast Head dome, 479 feet, probably extended by thick overflows 
of trachyte, fissured and flooded by a very young flow of traebyande- 
aite (Plates VIII and IX) 

Boatswain Bird Islet, 323 feet, probably an uidependent dome of mono* 
hthic trachyte (Plates XIX and XX) 

Dome (7) at southeastern foot of Bears Back, small exposure 
Stubby flow 500 meters southeast of 1187-foot summit on Bisters Peak 
ridge 

“The Crags” dome (1 km N N W of Sisters Peak), about 800 feet, 
largely covered with younger basaltic ash and lavas 
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Crow Hill dome, 868 feet, rose inside an older basaltic crater-nm, at 
least one outflow of trachyte, after solidification covered by basaltic, 
soormceous flows and cinders, which issued through the bodv of the 
dome (Plates II and X, A ) 

Endogenous dome* or crater-fillings, deformed by axial subsidence 

Riding School dome, 800 feet, rose m older basaltic caldera-run, thick, 
atubby overflows (Plates X, B and XI) 

“Drip" dome, 900 feet, at southern foot of Sisters Peak ridge, rose in 
older basaltic crater or caldera, overflows ot fcnu byte perhaps repre¬ 
sented in outcrops of this rock oast and northwest of Thistle Hill 
summit 

The many cones and domes, like the lava flows, have forms almost 
ideally constructional (Plates 1I-V, X,A, XIV, A, XVII) Several 
vents and flows have such freshness of aspect as to suggest their 
origination perhaps since the beginning of the Christian era, in any 
case the island is manifestly very young Erosion has affected con¬ 
structional forms of some of the trachytic IkwIics and also the older 
basaltic flows at Southwest Bay The imposing sea-<hffs at the east¬ 
ern side of the island, as well as those bounding Boatswain Bird islet 
(Plates XIX and XX), imply wave-ac tion during many centuries 
Howev er, the chffed trachy tes and underly mg tuffs are comparatively 
weak rocks, so that even for tins part of Ascension one need not assume 
an age greater than a few tens of thousands of years If the long 
escarpment at Southwest Bay is a true sea-chff, that erosion must 
have taken several imllema, for the rocks truncated b\ the cliff are 
massive flows of strong basalt In spite of these exceptions the 
physiographic development of the island, its march in the erosion 
cycle, has just begun It is possible that the whole mass above sea- 
level has been erupted during post-Glacial tune, the age of the much 
greater mass of the cone, below sea-lev el, is quite unknown 
It may be added that the writer found no definite evidence of either 
crustal uplift or crustal subsidence at Ascension, nor clear proof that 
this island was affected by the six-meter, probably eustatic, lowering 
of sea-level, registered at Saint Helena The shore rocks of Ascension 
may be younger than that shift of sea-level, or, antedating it, the 
marks of the higher stand of the sea may have been drowned by later 
subsidence of the island These and other unanswered questions 
bearing on the stability of the crust in this region invite further study 
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General Structure. 

In the held one cannot usually make sure distinction between 
basalts and trachydolentes The latter are demonstrated at Hayes 
Hill, at the Landing Pier, Georgetown, and probably at the ndgc a few 
hundred meters north of the summit of Cross Hill, but doubtless there 
are other occurrences On the map (Plate I) no attempt has been 
made to indicate by a special design the distribution of the trachy- 
dolentes, which are mapped along with all the other types more femic 
than trachyte as “ rocks of basaltic habit ” It should be noted also 
that the non-stipplcd area on Southeast Head, Plate I, represents the 
flood of trach\andesitic lava there flooding the trachyte 
On Plato I the trachytes are shown by a stippled pattern except in 
the case of each of the smaller bodies, for which a design in solid black 
was chosen in order to facilitate reading of the map, tins difference of 
design for the trachytes has no other significance 


Basaltic Cones 

The femic masses entering into the constitution of those composite 
piles which also include trachyte will lie considered on later pages 
dealing specially with the trachylic bodies Most of the purely 
basaltic cones present no unusual chai at tomtits, so that a detailed 
Account of each does not seem warranted Some data relating to 
them are grven in Table 1, only a few additional notes will be added 

Reference has already been made to the prt\ ailing asymmetry of 
the cones and to the related development of breached cones and 
craters Good examples of these are found at Hollands ('rater, East 
(’rater (Plato IV), and Table (’rater In an analogous manner 
effluent discharges of laA a have tended to be partu ularly abundant on 
the windward suies of Cross Hill, Spoon (’rater cone, and South Gannct 
Hill 

The breathed East (’rater affords an example of axial subsidence 
which is unique among all the cases where basaltic lava has risen in the 
< raters of the island From the foot of the broaching overflow its 
surface rises at an angle of about 20 degrees to the nm of the crater, 
where the chaotic surface of the same flow sinks rapidly, about 25 
meters, to the center of the crater This late subsidence of the crater- 
floor was probably due to withdrawal of the magma in depth, though 
mere thermal contraction of the freezing magmatic column may have 
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played a part Similar axial subsidence has taken place at the Riding 
School and “ Drip '* domes of trachyte 

Special note may also be made of the B« an* Hack (Plate IV) This 
plttteau-hke mass is not fully understood It seems to be monolithic 
and not made up of several flows of basalt The lateral scarps are 
rather steep on all sides, indicating high viscosity at the time of 
eruption The whole eminence may, indeed, represent a flattened 
dome, formed by a single exudation of very stiff basalt Since, how* 
ewer, trachyte crops out at the foot ot the Bears Hack, it is not possible 
to exclude the hypothesis that the mass is a low, broad dome of 
trachyte which has become veneered with a thick flow of basalt 

Small, steep-sided cones, wholly composed of driblet flows of basalt, 
are well represented in the island The best examples were found m 
two different sets, each set aligned as if the respective vents were 
opened along a single Assure 

One of these groups is situated near the 550-foot contour, (iOO 
meters north of Sisters Peak (1460-foot summit) and an equal distance 
W N W of Sisters Red Hill Here three driblet cones, ranging from 
three to twelve meters in height, are arranged on a straight line, 60 
meters in length, this lme passes through the top of Sisters Peak 
The wcll-like 'vents are cylindrical clown to the levels where they are 
choked with debris, but m one case at a depth of n limit nine meters the 
pipe widens into a spacious, domed chamber Evidently during 
activity the vent occupied by the molten lava enlarged downward for 
some distance The highest cone, m the middle, is a composite, made 
up of blobs of lava that issued from three adjacent pipes, of which the 
centers he on the line joining the otlu r t wo simple cones The external 
slopes of the little cones are steep, from JO to 60 dc grec s, compared with 
the horizontal plane. 

The other set of driblets includes the mam crater of Booby Hill, 
southwest of Green Mountain East of it are eleven other driblets 
distributed along a line about 500 meters long llu Booby Hill (its 
top 30 meters above the surroundings) and two adjacent craters are 
relatively large and have been breached by strong flows of basalt 
The other nmt corns, more symmetrical, range from two to seven 
meters in height The fissure which fed probably all twelve vents 
lines up with a major vent south of Spoon Crater cone, suggesting a 
genetic connection 
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Basaltic Flows 

Most of the areas covered by the young and rough lava flows of 
basaltic habit — loculi} called the chnker-fields — are shown on the 
naval chart by a special design The complete mapping of all the 
individual flows exposed, if possible at all, would demand much more 
than a month of field-work* Those which could be mapped with 
some accuracy may be listed* 

1 An extensive, fan-shaped flow from a small crater close to the 
most easterly of “ The Crags/' north of Sistera Peak The length and 
width are each about tliree kilometers The flow entered the sea 
along a wide front, from Bates Point to English Ba> (Plate III, B) 
This may be called the Comfortless Cove flow 

2 A 2 5*kilometer flow from the eastern flank of Sisters Peak, 
which has certainly been one of the centers most recentl} active 
This flow, chffed b} the sea-waves on both sides of Porpoise Point, 
east of East Crater, may lie called the Porpoise Point flow 

8 A one-kilometer flow from a well-defined crater just north of 
the Bears Back plateau 

4 A one-kilometer flow, directed northward from a crater (not 
indicated on the cliart), 700 meters W S W of the top of Lady HiU 
Near the site of the Wireless Station (now dismantled) this scarps on 
an older flow, probably from the same vent These may be called the 
Wireless Station flows 

5 A senes of flows emanating from an opening at the foot of Dark 
Slope cone and reaching the sea, 2 kilometers to the westward. The 
youngest of them cascaded over the 60-meter cliff facing Southwest 
Bit} These basalts are distinguished among all the greater flows of 
the island in being markedly porphyntic, with phenocrysts of feldspar; 
the} may be called the Southwest Bay group of flows 

6 A broad flow from the southern flank of South Gannet cone, 
measunng about 1 5 kilometers in length, as well as in width It vies 
with the Porpoise Point flow in being the roughest, most chaotic, on 
the island 

The average exposed flow of basaltic lava has much smaller volume 
than any of the first six flows above listed. Each individual output of 
lava at these great heights from the base of the Ascension pile was 
thus comparatively small, the behavior of the mechanism was normal 
for the closing stage of the life of a great volcano 

About nine-tenths of the visible flows may be described as of the 
chaotic type By fracture, shear, and rotation each rugged mass has 
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yielded to the complex tensions set up in the upper, more solidified 
shell, which slid on, or was sheared across, the less ngid, hotter, lower 
part The forms developed are of two kinds (1) The flow shows 
a succession of transverse, gaping fissures or trench-like depressions, 
separated by flat-topped, sharp ndges or by lines of spires — the 
whole simulating the crevasse-serac system of an alpine glacier Or 
(2) the flow exhibits the even more irregular surface of topical block- 
lava (Plate V, A) In this case the blocks tend to be smaller than 
those of the Hawaiian flown and have dimensions more like those of 
the blocks m Vesuvian lava flows 

A few of the Ascension flows approach the smoother, ropy or 
pahoehoe type, though even these become chaotic where the under¬ 
lying surface has strong irregularities Perhaps the best illustrations 
of the smooth type are to be found in the Southwest Bay group of 
flows These are characteristically jointed, in rough columnar 
fashion, to the depth of five to ten decimeters Weathering has 
opened the joints somewhat, giving the appearance of a floor composed 
of large, closely set boulders The very massive lava constituting the 
noi^hem slope of the Riding School cone is bouldery, on a cyclopcan 
seal# flow from the foot of Mountain Red Hill, northwest side, is 
similarly bouldery, the round masses measuring three to ten meters 
in diameter This flow measures 200 by 100 meters Its initial 
viscosity was high, causing the constructional scarp to lie steep While 
differential weathering may be partly responsible for the peculiar 
habit of this particular flow, the cause is hj no means apparent 

The basaltic flows are seldom as much as 20 meters thick, a com¬ 
mon average thickness is 0 meters The thickest observed body of 
basalt constitutes the lower, greater part of the cliff surrounding 
Cneket Valley (Figure 7) From the top of this monolithic mass to 
the ash-covered floor of the caldera is a vertical distance of 60 meters, 
the total thickness of the sheetlike monolith must be greater Except 
at and near the top it is trappean and almost devoid of vesicles Its 
mode of emplacement is not clear In the sections of Figure 7 it is 
represented as a thick flow, but possibly it may be the remnant of a 
lava-lake in a crater, a lake which was frozen m situ and later m part 
destroyed by the caldera-explosion 

Some of the flows bear well individualized hillocks of two kinds, 
neither type is very abundant 

The one kind is the tumulus, turtle-shaped or shield-shaped, one to 
five meters high, ten to twenty-five meters long, and five to ten or 
fifteen meters wide These tumuh are essentially like those of Hawaii 
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ami were caused by local, hydrostatic or gaseous pressures exerted by 
the still fluid material against the solidified, surface-shell of the flow 
In some instances the uplifting pressure may have l>een due to steam 
generated by the volatilization of water winch was overrun by the hot 
lava, but it seems clear that the liquid lava itself has also earned the 
pressure 3 \s usual the surfaces of the elliptical domes are fissured 
because of breaking tensions de\ eloped during their growth The 
resulting crevasses are from one to three meters wide on the tumuli 
seen on the* flows of the Southwest Bay group 

The other type was described by Darwin It is best illustrated on 
the older of the two Wireless Station flow r s, on the flat east of Cross 
Hill They are steep-sided cones, composed of highly sconaocous 
basalt which is c\c rywhere discrete, after the iashion of some storuice- 
ous agglomerates (Plate V, B) Their general appearance is that of a 
dnhlet-conc or hornito In no case, howeier, could a central pipe be 
discovered 

E\ ery part of a mo\mg lava-flow shares the properties of ideal 
liquids and solids E\en the most fluent part is doubtless charac- 
tenzed by some elastic stress and corresponding strain The chilled 
surface-phase has a inu< h higher elastic limit, hut this stiff part of the 
flow is also elastieo-viscous Its ngidity is higher, the decay of its 
rigidity slower, than ui the case of the intenor phase of the moving 
flow The displacement of the surface-phase is therefore usually 
accomplished by bodily sliding o\er the more fluent lava beneath — 
a kind of landshdmg in ordinary lawlshding, the more rigid 
surface-shell downstream tends to he folded and broken by transverse 
shears Back of the frontal scarp, itself largely caused by the forward 
thrust of the surfiu e-shell, are found isolated pressure-ndges, grouped 
anticlines and synchnes, antielmona, synchnona, overthrusts, and 
underthrusts Tpstreain the surface-shell is regularly broken by 
many transxme fissures, caused by the tensions set up by the dis¬ 
placement, sliding, on the inclined, uneven floor 

Figure 2 is a diagrammatic section of one of the flows near Com¬ 
fortless t ove It illustrates the combination of compressional and 
tensional features, just described Similar features characterize 
basaltic flows m many other fields of lava Their bearing on the new 
hypothesis ol continental displacement was specially studied ~ A 
digression oil this important question may lie permitted 

The hypothesis of continental migration is probably licst phrased m 


a Cf R A Daly, Igneous Hocks and Their Origin, p 134, New York, 1914 
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the sense of the following question Have the cordilleras and the great 
basins of the Atlantic or Arctic type been developed by continental 
shdrngt Is the continental crust analogous to the surface-shell of a 
lava flow which has moved' Is the earth-shell on which the crust 
rests an elostico-viscous substance, analogous to the hot, glassy, m- 



Upgtream Chilled.solid layer.A,slides on 
hot ter.viscous layer,B»idiich rests on 
chilled floor-layer C Under the tension 
layer A parts at 0 Sliding causes 
cliffed depression 0 — O' 



Downstream Folds and thrusts in layer A, 
caused by its sliding on layer b through 
the distance 0 — 0* 


Figure Z Longitudinal section (diagrammatic) lllust rating development of 
anticlines, inclines, thrusts, and tension-gap m miperflual, plastic-solid 
phase of a basaltic flow, because of the sliding of that phase on the “ liquid " 
lava of the uitenor of the flow Arrows show direction of flowing und sliding 
ITie upper part of the sei turn is t ontimimw with the lower part at the point 
“X ” Below the gap, 0-0', the layer B was quickly chilled to rigidity 
Section not quite m true scale, ohfflet at "0” or “O'," from i to 5 meters high 


tenor phase of the moving lava flow? Has the continental crust 
become deleveled by secular processes, so far that continental sliding 
became inevitable? Was the friction, static and kinetu, opposing the 
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slow movement of continental Mocks, so low that there remained 
energy sufficient for the folding of geosyncknal sediments downstream? 
One may go further and ask if the parallel between continental dis¬ 
placement and the flowing of physically heterogeneous lava is not a 
true homology rather than merely an analogy 

In any case the writer (relieves that the daring hypothesis of ex¬ 
tensive continental migration in past times would be clarified if it 
were phrased in terms of continental sliding rather than in terms of 
continental flotation A sliding theory seems much more feasible 
than a "drift” theory If the continents are, and always have been, 
truly floating, they could have been displaced only by a dragging or 
pushing force other than pure gravity, an efficient force of that kind 
has not yet Ireen discovered Sliding means the operation of pure 
gravity, displacement due to the dead weight of the continent involved. 
In passing, it may be pointed out that the imagined secular deleveling, 
which gives potential, is not incompatible with the rule of isostasy 

Leaving these difficult but fundamental questions, suggested by the 
characteristics of man> Ascension flows, the writer will note a detail 
which he has seen nowhere so well illustrated as in the Comfortless 
Cove flow Not far from the cove itself one can find places where the 
surface of scission between the sliding "crust** of the flow and the 
underlying, weaker, hotter phase is now exposed to the air The 
lower phase, still largely vitreous, is there grooved and striated Its 
surface is roughened by serrate ridges and points, resembling sharks 1 
teeth These many projections point downstream and may be ex¬ 
plained as due to elastic and viscous reactions in the glassy lava where 
relieved of the weight of, and elastic stresses induced by, the heavy 
"crust** which had just slid away The points of the projections 
Btand two to five centimeters above the general surface of the striated, 
glassy basalt (Figure 2a) 

Contrasting with flows of the kind just described are a number of 
others m Ascension, which show a prolongation of liquid flow after the 
chilled surface-shell had become laterally anchored Lava tunnels of 
the familiar sort were thus formed, though not in great number or of 
large size In most instances their roofs have collapsed, except for 
short distances One of the roofed relics, about 20 meters long, 3 
meters wide, and 1-2 meters high, was found just below A small 
driblet cone at the western foot of the Dark Slope cone This tunnel 
plunges southward at the unusually high angle of 30 degrees Other 
lava tunnels, along the shore, are the loci of spouting horns which are 
quite spectacular during times of heavy surf 
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Locally the tunnel streams of hot, fluent lava have worn pro¬ 
nounced channels or gutters, reaching as much as a meter m depth, m 
the older rocks Such runnels seem to be represented on the brink 
of the cliff facing Southwest Bay, where, however, the old cliff is largely 
mantled with lava, frozen in the act of cascading westward over the 
cliff Other runnels, three to ten meters m width, were seen along 
the path from Cat Hill to the cemetery at Georgetown 
The depression between Little White Hill and the Southeast Head 
dome is the bed of a very young flow This flow had attained a con¬ 
siderable depth m the depression when the supply at the vent was 



Figure 2a Diagrammatic section illustrating the sliding of the upper, 
more chilled and rigid part of a lava flow on the underlying, hotter, and less 
rigid part, with resulting sharkVtooth projections on the grooved surface of 
scission (the glass here rapidly solidified uy chilling) 

stopped A dulled surface-shell was formed and anchored to the sides 
of die valley Then the still fluid lava beneath continued to flow in the 
direction of Southeast Bay* The anchored crust, thus left without 
support, settled in the middle, leaving on the valley sides morame-hke 
patches of itself, two to six meters above the general surface of the 
sunken, chaotic chill-ph'ise (Figure 3) This flow deserves further 
study, but it seems to furnish another example of the principle de¬ 
scribed already by Glongeaud, working m the volcanic district of 
central France* He also found evidence of valley-flooding by lava, 
followed by subsurface draining of the fluid magma and consequent 
formation of terrace-like mosses of lava on the sides of the valley* 3 


8 F Glongeaud, Bull 135, Bervice carte gAol France, p 57, 1913 
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A similar process may account for a morame-hke ridge of lava skirting 
the northern slope of Southwest Red Hill 
Generally the basal tic flows of Ascension are initial Iv black to dark 
gray at surface and floor as well as at intermediate levels Among the 
more e\tensive flows this rule seems to have no exception To depths 
ol a tew centimeters the brown tint of weathering is characteristic of 
the older flows, but apparently at no place has ordinary weathering 
produced the deep ml color, so common ill the stonumni« phases of 
once deeply buried, basaltic flows, as in Saint Helena, the Hawaiian 
Islands, Samoan Islands, and elsewhere 



Figure 3 Hkctc h of a young flow of basaltic hahit which oc cupies the floor 
of the valley lx»tween the Southeast Head plateau, flooded with trachyandesite 
(background), and the Little White Hill eratcr rim (left end of picture) The 
subsurface draining of the lava in the valley seems to have thinned that flow, 
leaving ragged, ternue-like patches on the slope of Southeast Head 

On the other hand, some short, thin flows, especially noted around 
Mountain Red Hill and along tin* southern side of the old caldera- 
rim of Green Mountain, are distinctly red and seem to have had that 
color from the time of consolidation Their tint is much like that 
of many of the tuff-ash cones of the island The specially high oxida¬ 
tion of these pyroclastics seems referable to the prolonged influence of 
steam passing through the vents where the material had temporarily 
rested That well recognized effect of fumarobo emanation may like¬ 
wise explain the magmatic reddening of the small-volume flows just 
mentioned The gray and black flows escaped prolonged steaming, 
except where they happened to cross the sites of fumaroles or steam 
vents, active after the flows had come to rest At such points local 
reddening of the rocks is to be expected 

The rules regurding color, stated for Ascension, seem to apply to 
basaltic regions in general Hence the striking red phases of formerly 
buried flows of basalt, seen in the cliffs of Saint Helena, Samoa, Hawaii, 
etc, were probably not so colored at the times of their respective erup¬ 
tions Neither is explanation by weathering satisfactory Perhaps 
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in many of these cases the reddening is an effect of the passage of hot 
steam, permeating the plies of lava, especially the s< ormceous surface- 
phases and floor-phases, for a long time after the flows were solidified. 
That deeply buried flows have actually been charged with steam, after 
the fashion of a steam-pack, is indicated by explosions of the caldera 
type 

Tkachvtic Masses 

Though the existence of alkaline trachytes in Ascension has long 
been known, their mode of occurrence and structural relations ha\e 
not lieen hitherto desenl>ed m detail These features of the geology 
arc worthv of dose attention and it is fitting that the data, of Table I 
should be comulerabh expanded in the present paper As shown in 
the table, most of the traclivtic bodies are crater-domes or outflows 
from domes One may well doubt that so many endogenous domes 
are am where else to be found m an area so small, and that, through¬ 
out the world the completeness of exposure and of preservation of 
initial fonns in such numlier can be surpassed 

The simpler domes will Im first described, then those more complt x, 
finally certain small masses of more obscure relations 

Ragged Hill Dome, The Ragged Hill dome (alt <M4 feet, 2S8 
meters) is one of the most perfect in the island It rises from beneath 
the bedded ash-scona-dnblet cone of Southeast ( rater (alt 114b feet, 
350 meters), south of Green Mountain (see Plate 1 and Figure 4) 
The base of the dome is concealed also by younger lava flows from 
Green Mountain, so tluit the height of the dome above these flows is 
only 30-40 meters on the north and about SO meters on the south 
The visible part is nearly circular, with diameters of 200 and 230 
meters Through erosion (insolation, wind, and rain) the dome has 
lost substance to the av erage depth of u few meters This trachy te is 
charged with unusually large and abundant phenocrysts of feldspar 
Fluidal banding is not conspicuous, but the dome structure is clearly 
indicated In the presence of a pronounced, concentric rifting, the 
plates dip awav on all sides from the top of the dome, the angle of dip 
reaching as much as 35 degrees at the border of the mass The platy 
structure appears to lie clue to thermal contraction The truthvte 
contains many inclusions of vesi< ular lava, probablv common basalt 
The weathered surface is carious (Plate VI, A) t and the hardened 
(sihcified) shells and points are specially sonorous under the hammer 
In hollows on the dome fresh feldspars, released by weathering, art 
concentrated 
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From its position the Ragged Hill dome might be taken to be a 
lateral eruption from the Southeast Crater vent On the other hand, 
the trachyte may have risen through an independent vent, as indicated, 
speculatively, in Figure 4 The underground relations are too obscure 
for certainty on the point More evident is the steepness of the con¬ 
structional slopes of the dome, showing the very high viscosity of the 
trachy tic magma 

Little White Hill Dome. Like the last this dome (alt* 552 feet, 
168 meters) has an initial form not complicated by effluent tongues, 
and it has not been greatly altered by erosion (Plate VII) The 
ground-plan is nearly circular, the diameter, about 150 meters 
Below the normal, carious surface, due to weathering, the cliffy slopes 



Figure 4 Section through Ragged Hill dome of trachyte (TV) and the 
basaltic tone of Southeast Crater, both resting on older flows of basalt (OF) 
A young basaltic flow from Green Mountain (r) has partly submerged dome 
and cone 

display a fluidal structure On the west, north, and northeast the 
light gray dome is surrounded by a continuous, crescentic, curving 
ndge of reddish, brown, and black ash and scoriae, evidently the rim 
of an older, basaltic crater, in the midst of which the trachytic dome 
arost To the east* nrd the basaltic run abuts against the independent 
dome of Southeast Head Alternative explanations of this relation 
suggest themselves Conceivably the Southeast Head dome is cider 
than the explosive or other process responsible for the wide crater and 
represents part of its nm On the whole, however, it seems more 
probable that the Southeast Head dome is younger than the basaltic 
crater, and during eruption overwhelmed the nm of the crater on that 
side The second view finds support in the apparent absence of that 
amount of trachytic d£bns in the rim which might be looked for if the 
crater had been opened by explosion which affected the Southeast 
Head trachyte Chi the south the waves of Southeast Bay have cut 
away the basaltic nm 
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Wig BUI Dome. The remarkable Wig Hill body of trachyte (alt. 
475 feet, 145 meters), faced by a grand sea-cliff, is the remnant of 
another steep-sided dome, which seems to have risen in the southern 
part of the same wide crater (Plates VIII and IX) The remnant, 
not yet devoured by the waves, is veneered to a depth of 5 to 20 or 
more meters with basaltic, sconaorous agglomerate and driblet flows 
of vesicular basalt The contrast m color of the veneering “ wig” and 
the underlying dome is very striking Their relative ages were not 
determined with finality Viewed from a distance, the “wig” looks 
like a layer of older basalt, lifted and domed by the trachyte as it rose 
to assume the usual dome form Close investigation shows the 
absence of the corresponding tensional effects in the rock of the " wig ” 
Hence it seems better to assume the reverse age-relation, the “wig” 
representing basaltic eruptions through one or more v ents penetrating 
the trachvtic dome The Wig Hill composite would thus be analogous 
to that at Cross Hdl 

Crow Hill. Prom Georgetown Cross Hill (alt 868 feet, 265 meters) 
has all the appearance of being an ordinary ash or cinder tone of basal¬ 
tic habit (Plate X, A) The northern, western, and eastern slopes are 
largely underlain b\ $ leldmg lapilli to depths locally reaching several 
meters The southern slope and the upper part of the cone in general 
are superficially composed of a somewhat cemented, liedded ash or 
tuff, containing irregular spatter-bombs The beds of tuff have been 
differentially eroded by the persistent w md ami the occasional showers, 
especially on the southern side, where a prism approximating 60 meters 
in maximum thickness bus been thus removed (« b , Figure 5) 
If the existing cone ever had a crater, this has been eroded away On 
the same slope one sees a few, thin, steep flows of scoriaceous lava mter- 
bedded with the pyrodastics The tuft carries occasional small 
fragments of pale gray trachyte, conspicuous among the dominant 
black, brown, and reddish lapilli 

The trachytic fragments w T ere probablv derived from a dome of 
trachyte which underlies the mantle of tuff and flows (Figure 5) The 
depth of the mantle is about 75 meters at the top of the cone On the 
northeastern side the basaltic mantle has been completely removed by 
erosion, over a considerable surface, from the 600-foot contour down 
to about the 200-foot contour Small outcrops of the trachyte are 
seen also at the foot of the cone on the same side, and at the foot of 
the northwestern slope 

Just northeast of Government House on the slope of Cross Hill, a 
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large ridge-shaped outcrop of luvti, probably trachydolcritt, overlain 
b> south-dipping beds of lapilli and moderately cemented tuff, forms 
part of an old crater-nm The curving mu is also represented by 
another ridge to the eastward Another, smaller part of the run is 
probably to be seen at tin foot of the southwestern slope of the cone 
Elsewhere the old wall of the (‘rater has !>een buried under younger 
pj rotlttstK s or 1\\ lav u flows from the interior of the island 
J^The history of (Voss Hill seems, then, to be as follows A trathy- 
dolentic cone was built and eviset rated by explosion At the center 



Figure 5 Section through Croon Hill, showing older baflalta (OB) under 
a younger basaltic (traehv dderiUO (one (RB), parti) destroyed by explosion 
In the resulting caldera tuff (T) was deposited Later a monolithic dome of 
trachyte (Tr) was formed in the caldera A thuk (ap of scoria, tuff, and 
breccia of basaltic habit ( B) was then erupted U|xm the trachyte, through 
one or more narrow vents of tlw tvjn* shown dmgrammatically at P 

of the resulting crater or talderu, highly viscous trachyte was erupted, 
form mg a typical dome, much like that at Ragged Hill or at Little White 
Hill A short, stubby outflow carried some of this stiff lava to the 
site of Georgetown, but most of the trachyte remained inside the run, 
solidify ing there with slopes of 20 to **0 degrees and with a height above 
the crater floor of nearly 200 meters Then the central vent w us again 
opened, probably by the cracking of the new dome, through explosion 
and outflow the trachytir dome was deeply veneered with the con¬ 
trasted, femic lava 

The trachyte of the dome is a massive monolith, without notable 
flow ^structure, (rumbling ut the top, and weathering to u rugged 
surface 

Biding School The Riding School massif (alt 800 feet, 244 
meters) is an unusual volcanic type, which has claimed the attention of 
all visitors to the island It consists of a basaltic-lava cone bearing 
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a relatively large crater which has been filled nearly to the highest 
point of its run with monolithic trachyte The basalt is black, dark 
red, or dark brown (weathered) Its viscosity on eruption must have 
been high, since the outer, constructional slopes are steep, measuring 
30 degrees or more The northwest slope is underlum by a single, very 
thick and massive, vesicular flow, winch is broken into bouldery masses 
of cvclopean proportions In fact, from the partial exposure of the 
old crater-run, one gets the impression that it may be essentially the 
product of the same outflow If that be true, an axial subsidence 
must be assumed, for a well defined <rater-shaped depression had al¬ 
ready been formed Iniort tilt next important addition to tlu com¬ 
posite mass was made The mitral depression could hardly have 
been formed by explosion, the outer slopes are not covered with the 
abundant pyroclastic deposits expected on that hypothesis However 
formed, this crater-like depression was nearly circular and had a 
diameter of about F >00 meters 

At the center of that depression a large hock of viscous trachyte 
arose This may have formed, mitmlh, a true dome, but, if so, the 
new 7 structure was unstable A large fraction of the risen or rising 
trachyte flowed o\ er the run of the basaltic crater, eastward and north¬ 
eastward, making a thick flow about 700 meters long This flow, like 
many others m the island, is stubby, with steep terminal scarps 
A much smaller outflow took place on the southwest side 

Perhaps partly because of the outflows, which may have drawn 
magma from levels below the surface of the central bod\ of trachyte, 
this part of the surface subsided Or withdrawal of magma at still 
greater depth may huve operated Or, thirdly, crystallization and 
purely thermal contraction of the' vertical column may have had aomt 
importance For one or more of these reasons the surface of the 
traehvtu crater-filling became basined (Figure b) 

Ash, tuff, and lapilli, probably derived from The Peak or other erup¬ 
tions of the Green Mountain region, formed well stratified hed^ m the 
new hollow (Plates X, /i and XI) The beds themselves are strongly 
(warned and it looks as if the axial subsidence continued for some time 
after the effluent trachyte had crystallized 

The monolithic floor of trachyte is comparatively impervious to 
water According to Darwin some of the upper, finer-grained beds 
are lacustrine deposits If thest were properly identified by the 
present writer, they underlie a threo-meter layer of basaltic lupiUi 
which are very like those constituting so much of The Peak of Green 
Mountain Neither that superficial layer nor the lake-beds beneath 
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seem to have been appreciably b&smed The centripetal dips of the 
older, tuff-ash beds are commonly ten to fifteen degrees and have a 
maximum of about thirty-five degrees Erosion has caused the pro* 
jection of the stronger beds as crescentic ridges or cuestas, and has 
been specially active at the periphery of the basin, hence the sbghtly 
sunken “ race-course M which has suggested the name of the Riding 
School 



Figure 6 Section through basmed dome of trachyte (TV) at the Riding 
School, the corresponding “crater’ r filled with basmed tuffs {Sr), section con¬ 
tinued through Spoon Crater and Mountain Red Hill, both of basaltic habit 

The bedded rocks of the central depression were studied in the wall 
of wet-weather gulches and m a deep hole which had been opened by a 
prospector Below the superficial layer of partially cemented, black 
to dark brown lapilli are the welt-laminated silicioua w lake-beds u 
These are white to pale gray and pale brown and are made up of 
trachytic or rhyolitic dust and volcanic sand Some layers carry 
many angular fragments of white pumice About ten meters is die 
exposed thickness of the more silicious beds, calculated from the dips 
the total thickness appears to be twice that amount 

The writer was unsuccessful in finding the bed of infusorial earth 
that Darwin reported from the Riding School basin. 4 Hie same result 
attended the effort of Mr G V Douglas, geologist of the Shackleton- 
Rowett Expedition, to find it (verbal communication). 

Sihnous concretions, described by Darwin, occur in the layers of 
acid tuff and dust One of these, collected by a member of the 


* C Darwin, Journal of Researches, p 499, new ed, tendon, 1901; cf, C G« 
Ehrenberg. Quart Jour Qeol Soo London, ft, part 2, 71,1946, and Benefit* 
k Alud Wuaen , p 140, Berlin, 1846 










GEOLOGY OF ASCENSION ISLAND* 


Deutsche Siidpolar Expedition, has been analyzed, as reported by 
Reinisch (page 648 of his memoir) 
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When quite fresh the Riding School trachyte is a pale greenish gray 
By exposure to the weather it is decolorized to a pure light gray or a 
pale yellowish gray, though the leading mineral constituents show no 
obvious changes The pitted or carious surface of weathering is 
striking, especially on the windward side (Plates VI, B and XIII) 
Hoodoo-like towers, spires, and mushroom-shaped irregularities on the 
20-meter to 30-meter cliffs have been developed because of the great 
difference between the strength of the normal trachyte and the strength 
of the sihcifled " veins/' so characteristic here as m nearly all the 
trachytic bodies of Ascension The origin of these veins will be dis¬ 
cussed on a later page The weaker parts of the trachyte weather to 
white dust and sand, chiefly composed of soda-orthoclasc and anortho- 
clase 

Under the mantle of tuff and loose ash which covers the effluent 
trachyte on the Green Mountain side, the initial surface of the tra¬ 
chytic flow has been preserved To thedepth of from one to two meters 
this lava is strongly brecciated, because of the tensions which were set 
up in the superficial shell during flow Even in that shell the trachyte 
is not vesicular in the sense of carrying rounded gas-pores like those of 
the neighboring basalt The minute, angular spaces between the 
dominant feldspars give a porosity of a quite different type The 
same characteristic applies also to the main body of the Riding School 
trachyte, as it does generally to the Ascension trachytes It may be 
added that a stubby flow from the direction of Middleton Peak, and 
Situated northeast of the Riding School, has likewise had its initial 
surface preserved by moderate burial under pyroclastics Later 
erosion has exposed that surface, which has features like those of the 
flow just described from the Riding School mass itself 

The Riding School trachyte carries many angular and rounded in¬ 
clusions of vesicular basalt 
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11 Drip ’ 9 Dome. North of the road in the eol between Travellers 
Hill and the Sisters Peak group of cones, there is a small slaggy, 
basaltic cone with a crater, 100 meters wide and opening to the west 
This crater is not shown on the Admiralty chart On its eastern side 
the cone passes under a large body of curiously weathering trachyte 
The rock is largely eo\ertd with a thick layer of alluvial ash and lapilli, 
obscuring the form as a whole, but the relations seem to be that of a 
small dome, the surface of which has sunk at the central axis The 
trachyte has a platy-fluidal structure, the plates dipping eentripctally 
at angles of from two to five degrees, along a crescent-shaped area 
On the eastern side a broad tongue of the dome trachyte, 200 meters 
long, flowed out and froze at an angle of about ten degrees Then 
axial subsidence basined the surface of the dome The result appears 
to be a homology with the basined dome at the Riding School 

Going north from the effluent tongue, one follows the edge of the 
main bodv of the dome trachyte, exposed in a clift about twelve meters 
high The traihyte is here monolithic and transgresses the red 
scoriaceous nm of an old basaltic crater, in which the dome arose 
Lumps of the basalt are enclosed m the massive trachyte, which is 
curiously weathered into forms suggesting sections of a bee's comb and 
also concretionary shapes of great variety 

For convenience this trathytic mass may be called the “Drip” 
dome, one of the few drips (springs) of the island being located at this 
locality 

Flow of Trachyte North of the “ Drip” Dome Near the 1000- 
foot contour on the southeast slope of the 1187-foot cone of the Sisters 
group is a basaltic crater, not shown on the Admiralty chart This 
crater is breached by a 175-meter flow of trachyte, which issued from 
this small crater itself No true dome is represented The flow is 
directed toward the south-southeast It viscosity was very high, 
it consolidated on slopes varying from 20 to at least 35 degrees The 
trachyte seems petrographically like that of the “Drip” dome 

“The Crags” Dome. A point one kilometer northwest of the 
1490-foot Sisters Peak is near the center of a group of massive outcrops 
of trachy te That farthest to the northwest is particularly conspicu¬ 
ous, showing a 30-40-meter cliff on the northern side This whole 
assemblage of trachy tic outcrops may be called " The Crags” (Plate I) 
Between the individual crags is a thick mantle of lapilli, bombs, and 
wnnd-blown volcanic sand, and the trachyte is also partly submerged 
under young, heavy, basaltic flows which issued from vents along the 
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northern base of Sisters Red Hill cone The relations of u The Crags 1 ' 
trachyte are therefore not obvious, hut it probably belongs to a single, 
relatively old, and hence considerably weathered dome, centering 
near the point first noted in this paragraph 
The trach> te has the habit normal tor Ascension, it is of pale gray 
or yt llowi&h-gray color, is monolithic at each crag, weathers cariously, 
and < losdy resembles the Cross Hill trachyte 
At one of the most southerly crags a 10-centimeter, angular inclusion 
of hornblende granite was found in the trachyte Time failed for a 
thorough search for other inclusions of the kind, they cannot be 
numerous The one actually discovered shows that the granitic 
fragments brought up at the Ascension vents are not confined to the 
explosion-breccias and tuffs Apparently also it indicates the con¬ 
siderable depth from which the traehytic magma has come 

Bears Baek Trachyte. At the foot of the southeastern slopes of 
Bears Back is a large outf rop of trachyte which underlies, and is older 
than, the basalt of the Bears Back plateau The true form and rela¬ 
tions of the mass represented could not be determined As already 
observ ed, it may possibly represent the edge of a much larger, dome¬ 
shaped body centering under the Bears Back basalt This trachyte 
is a common gray variety, not studied in thin section 

Green Mountain Dome At the western end of Green Mountain 
the highest exposure of trachyte in Ascension is found, at the height of 
2490 feet or 750 meters This point is close to the vertical axis of one 
of the most voluminous domes of the island Them c the stiff magma 
of the dome flowed out, westwards, northwards, northeastwards, and 
southwards The longest of the flows, directed toward the west, is 
about two kilometers in exposed length An outcrop of trachyte 
northwest of Spoon Crater cone, at its base, may be part of the flow 
just described, if so, the Spoon C rater cone is younger than, and in 
part built upon the lower end of the flow In any case this basaltic 
cone is younger than the trachyte at its base 
Plate XIV, A , illustrates the habit of the trachjtie overflows from 
the Green Mountain Dome center The high initial slopes and the 
steepness of terminal and lateral scarps prove the viscosity to have 
been high, as usual 

The eastern part of the dome and much of the effluent trachyte still 
farther to the eastward were tom out by one or more great explosions, 
which developed an elliptical caldera, measuring 1500 meters by ] 100 
meters In tins depression later explosive eruptions built the steep 
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sided Peak, which is chiefly mode up of basaltic tuff, ash, and breccia. 
The contact of this young cone with the caldero-wall of trachyte is 
shown in Plate XIV, B. 

Along the Invalids Path from the main road to the Sanatorium, the 
young basaltic tuff, dipping 20-30 degrees away from Green Mountain 
summit, is seen to rest with strong unconformity on woll-bedded, 
trachytic tuff These sections indicate a somewhat prolonged interval 
of erosion between the two periods of explosion 
The Green Mountain trachyte is normal m preserving a marked 
fluidat structure At and near the foot of a flow crossing the moun¬ 
tain road on the north side of the mountain, the banding dips 40-50 
degrees southward, that is, m the direction from which the flow came. 
The shear-planes of the sliding magma were developed with this high 
upstream dip because of the specially high viscous resistance that was 
offered by the chilled, terminal part of the advancing flow Such 
upturning of the shear-planes at the lower ends of the trachytic flows 
is very common in the island (Compare Kates XV, B and XV1I T 
Figure 8.) The flow is brecciated to a depth of three meters. It 
lacks ordinary vesiculation and also any systematic jointing The 
floor phase has likewise been brecciated by movement 
Similar features characterize a very thick overflow of trachyte west 
of the Mountain Farm This tongue occupied a radiating valley in 
the old, basaltic cone of Green Mountain, and is probably at least 150 
meters thick at maximum Its surface slope varies from ten to 
twenty-five degrees In a cliff the brecciated floor-phase is well 
exposed; it measures five meters in thickness 
The trachyte of Middleton Peak ndgfe probably came from the 
Green Mountain vent, but the evidence is not perfectly clear 
Some of the Green Mountain outflows of trachyte inclose many 
angular, vesicular fragments of basalt, evidently derived from the 
walls or floor of the dome-vent. 

Weather Post Dome. Most extensive of all the bodies of trachyte 
ts that of the eastern part of Ascension, including Weather Post (alt. 
1990 feet, 606 meters), White Hall, and the great flow north of the 
Devils Cauldron (Punchbowl) Possibly the composite mass ts the 
product of eruption from a single center, but the general topography 
rather suggests that there were two chief eruptive centers. (See 
Plate XV, A ,) One of these is under Weather Post, the other, under 
White HiH 

Near the most northerly point of the run of Cricket Volley, the 
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Weather Post trachyte is seen to have welled out over a series of 
brown basaltic tuffs, dipping southwest, that is, away from the Weather 
Post-Cauldron massif So far as it goes this observation lends color 
to the supposition that the Weather Post trachyte was erupted within 
the nm of an older basalt it crater or caldera — the case being like 
that illustrated at the Riding School, at Green Mountain, or at the 
analogous Cross Hill A little farther to the southeast, thick basaltic 
flows arc seen to dip at a low angle toward the Weather Post and 
apparently underlie a thick effluent tongue of the Weather Post 
trachyte These flows may have come from Green Mountain, flood¬ 
ing the older crater-rim On account of lacking exposures elsewhere 
the existence of tht buried crater or caldera could not be definitely 
proved 

Among the causes of obscurity is a heavy mantle of coarse breccia, 
the debris from the Cricket Valle\ explosion, which covers much of 
the Weather Post dome and the wide trachyte flow on the north, 
hiding contacts 

At the head of that flow, which forms a rough, sloping plateau 
stretching nearly to Northeast Point is the Devils Cauldron, a remark¬ 
able explosion-crat.ir or caldera (Plate XVI) The Cauldron is 
broadly elliptical, approximately 200 meters in length, 30 to (50 meters 
in depth, except on the northwest side, where the wall is only some ten 
meters high The walls are everywhere steep, if not actually vertical 
The truchvtic debris from this explosion is deep on the surrounding 
trachyte The flutdal structure of the trachyte in the walls of the 
Cauldron, developed as usual, shows planes of shear that are irregu¬ 
larly disposed, though often nearlv vertical They tend to strike 
parallel to the run of the Cauldron, an indication that the ( auldron 
may possiblv be* the locus of a distinct dome-extrusion Kven m that 
case, however, the (’auldron dome might have been satelhtic to the 
Weather Post dome 

That the (auldron trachvte was erupted through older rock of 
basaltic habit is shown bv its mclosure of many fragments of vesicular 
and trappean basalt or trachydolente (probably the former) Here 
again a thick shell underlying the original surface of the trachyte has 
been brecciated by the flow to a more or less chaotic condition Ix>- 
cally a few, small gas-pores were observed in that shell, but pro¬ 
nounced vesuulantv in the oidinury sense was nowhere to be seen 

The well-l>edded tuff and agglomerate on the nm of the Cauldron 
reaches 7 or more meters m thickness, on Weather Post the p> roclastic 
overburden has a maximum thickness approaching 40 meters These 
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beds are chiefly composed of trachytic pumice, with some basaltic 
fragments, and many black to dark green, lustrous fragments of 
obsidian. The glass shows the common banding caused by devitrifi¬ 
cation in some layers, which, perhaps in consequence of local crystalli¬ 
sation, are in some degree vesicular (operation of the “ second boiling- 
point^') 

On the southwest side, the Weather Post has certainly lost substance 
because of the powerful explosion at the so-called Cricket Valley(Fig- 
ure 7) Probably there has been partial destruction of the dome by 
another major explosion on the eastern side, located in the deep depres¬ 
sion between the Weather Post and the Powers Peak ridge To this 
explosion may well be referred the trachytic H6bm, reaching a thick- 



Jfraoiuc 7 Sections through Cnckct Valley, showing this caldera opened 
m oaaaltic flows of ordinary thicknesses (F), with one unusually thick flow 
of olivine basalt (L), and filled to an unknown depth with ash and tuff {All) 
The explosion also affected the older trachyte (Tr) of the Weather Post 
D6bns of the explosion shown on the surface 

ness of about 70 meters, on the col between Weather Post and White 
Hill The wild, canyondike depressiqp openH to the sea at Spire 
Beach It has been somewhat deepened by erosion, but its origin 
as a deep caldera, rather than as primarily a valley of erosion, seems 
probable, further study on the point is needed 
The high cliffs bounding Weather Post on the south and southeast 
give exposures showing that the outflows from the dome, like those 
from the White Hill dome, range from 50 to 200 meters m thickness 
They are separated by brecciated phases and thin beds of yellow, 
trachytic tuffs On the southwest side of the Weather Post dome the 
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tuffs dip away from the dome at angles of 60-70 degrees, suggesting 
that they have been upturned by continued rise of the viscous dome- 
magma 

On the map (Plate I) two putches of basaltic rocks, at the shore 
northeast of Weather Post, are shown They were not visited 
From a distance the more northerly patch looks like a young lava 
flow which issued from an opening through the older, already solidified 
trachyte The relation of the other patch is still more uncertain 

White Hill Dome. Petrographically the trachyte of the White 
Hill dome is like that of Weather Post, and, as above noted, sure evi¬ 
dence of any structural separation between the two massifs was not 
discovered 
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Figure 8 Longitudinal section through » thick flow of truihytt on the 
main island opposite Boatswain Bird islet, illustrating the common upturning 
of the trachyte flows near their lower extremities Frat turcs due to tension 

On the walls of the grand amphitheatre opened above .spire Beach, 
the great thickness of the tongues apparently effluent from White 
Hill, and their separation by trachytic tuff and breccia, can be ob¬ 
served The superficial appearance of the outflows is illustrated in 
Plate XVII, which serves also to show the form and structure of the 
trachytic flows in the whole island The flmdat structure, the upturn¬ 
ing of the shear-planes at the foot of the flow, here 30 to 70 meters 
thick, and the characteristic ragged, tensioned phase at the surface are 
all tolerably apparent in the photograph Like many others, this 
flow is young enough not to have been greatly damaged by erosion 
The high diffs southwest of Boatswain Bird islet exhibit a fine 
section through a White Hill outflow, illustrated in Figure 8 The 
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sketch had to be made from a distance, and no opportunity for a dose 
study of the cliff was afforded, yet the drawing is believed to be 
correct m principle The glacier-like upturning of the shear-planes 
downstream was particularly clear Crossing these planes at high 
angles are joint-like fissures, shown in the drawing They are pre¬ 
sumably connoted with the horizontal tensions developed in the 
steeply inclined flow as it gradually solidified 

At a point southwest of White Hill its effluent trachyte rests on a 
series of basaltic flows, the trachyte is charged with angular inclusions 
of vtsicular and compact basult Hence the White Hill trachyte is 
younger than some ot the basalts Lack of exposures forbade a more* 
specific reading of the relation of tins trachy te to its foundation At 
the contact just mentioned the floor-phase of the trachy tic flow is well 
exposed It has the usual breeciated appearance and also a special 
abundance of angular blocks of lustrous black obsidian, reaching as 
much as one meter to nearly two meters m diameter The glass is 
much like that seen in the surface-phase of the trachyte at the Devils 
( auldron, showing devitrified unci vesicular bands with light gray' and 
greenish tints 

Southeast Head Dome The trachy te of Southeast Head has the 
topography of a flat dome It is supposed to l>e an endogenous dome 
on a scale larger than the adjacent Little White Hill body and perhaps 
considerably widened in outcrop by overflows Actual proof of that 
assumption is not to be had the contacts of this trachyte with older 
rocks seem everywhere hidden from sight, under the sea or under 
younger lavas or cjectamentu The hypothetical structure* under¬ 
ground is given m the section on Platt I The highest point of the 
monolithic body is charted as 479 fee t (14b meters) above sea Except 
on tht western side the trachyte has been ehfftd by the waves 

After the solidification of the dome it was split by a vertical fissure*, 
which runs nearly due east and west through the summit of the dome* 
From the foot oi White Hill the fissure was followed nearly 1200 meters 
Mr Hedley ( ronk, superintendent of the Government Farm, oil 
Green Mountain, states that the fissure continues to Bottle Point 
At intervals throughout most of its length, elark grav to black, scoria- 
ceous ti achy andesitic lava flowed out over the pule gray trachyte m 
the form of broad and narrow tongues The contrast of color between 
the trac'hyte ami the younger flood is nothing short of spectacular 
(See Plate XVIII) The photograph fails to show fully the difference 
The tracing of the photograph (reduced), given in the more diagram¬ 
matic Figure* \ expresses the relation of the two rockp perhaps more 
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vividly The tongues of trachy andesite are thin and yet their final 
viscosity must have been great, for they hang on slopes as high as 
fifteen or twenty degrees (See Plate VIII,) 

Near the 479-foot point the fissure has been widened explosively 
and a double crater, from 30 to 50 meters m diameter, developed 
On the crater-walls the pale gray, monolithic trachyte underlying the 
trachyandesitic flow is well seen Fvidently the last explosion, at 
least, followed the outflow of the trachy andesite Between the two 
parts of the crater this rock forms a bridge, strongly sagged in the 
middle A half dozen oilier and smaller vents of the central type 
have been formed along the fissure From the western part of the 
fissure the trachy andesite ran southward, veneering the eastern foot 
of Little White Hill dome and the floor of the old crater m which that 
dome was extruded One of the south-running flows, which flooded 
the vallev between Little White Hill and Southeast Head has already 
been noted as showing terrace-like remnants left after the slumping 
of the chilled surface-phase because of subsurface draining (See 
Figure 3) 

Visiting geologists should not fail to study the impressive features of 
the whole Southeast Head complex, and it is to lie hoped that they 
will improve on the detail of mapping, which had to be done very 
sketchily in the tmu allowed during the write)’s reconnaissance 

Coco&nut Bay and Pillar Bay Masses No opportunity to sample 
these was given From distant view r s the WTiter concluded that the 
bold cliffs at Cocoamit Bay are composed of trachy te, which probably 
forms a breathed dome, partly buried under basaltic flows from Green 
Mountain Whether the crater-like bay js due to wave-cutting or to 
explosion can not yet be stated The nature and relations of the roc ks 
at Pillar Bay are still more uncertain 

Boatswain Bird Islet* The topographic ldations make it difficult 
to consider the picturesque monolith of this islet as connected with 
flows from cither the Weather Post or the White Hill center More 
probably it represents a strongly cliffcd, independent dome, that 
issued from a special vent beneath (Plate XIX, A t B) Though the 
powerful waves have driven back the cliffs on all sides to considerable 
distances, the upper surface, now culminating about 323 feet (98 
meters) above the sea, may not be very different from the original 
surface on tins remnant of the dome The perfect exposures on the 
vertical cliffs show the mass to be monolithic, canously weathering, 
and altogether similar to the normal trachytes of the main island 
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The rock has the usual weakness of the Ascension trachyte, so that 
the waves have been able to prolong the profiles of the vertical cliffs 
to depths of from ten to fifteen meters Wow low-water level. A fine 
natural bridge is a detail of the wave-cutting (Plate XX) 

Pyroclastic Deposits* 

The great explosions at Cricket Valley and the Devils Cauldron 
delivered projectiles reaching one to two meters in diameter, but in 
general the average pyroclastic deposit of the island is a rather coarse 
tuff or cmdery ash Many deposits are made of material wholly of 
basaltic habit Other basaltic tuffs carry sporadic fragments of 
trachyte or trachytic pumice In Green Mountain, and east and 
southeast thereof, beds of tuff and agglomerate, chiefly made of 
trachyte, are rather common Large trappean projectiles which were 
thrown out of Cricket Valley caldera inclose trachytic xenohths, evi¬ 
dently included when the basalt was molten 

The unweathered basaltic tuffs are variable in color, from black and 
dark gray to brown and deep red, all types weather to brown tints 
The fresh trachytic tuffs are white, pale gray or pale greenish gray, 
weathering to light brown Nowhere has weathering gone to the stage 
of important iatentization, such as is so general in Saint Helena. 
Ascension is too young for that 

Table I suggests the distribution of the principal bodies of pyro¬ 
clastic material, but of course the finer debris of the more recent 
explosions veneers the surface far ami wide, especially to leeward of 
each vent Later winds and rains have redistributed the looser 
materials, which on the lower ground form long, local fans and stream¬ 
lines The tuffs m situ are best exposed on windward slopes, on that 
of Green Mountain torrential rams have cut steep-walled gulches, 
from 20 to 60 meters deep, m the basaltic tuffs The Devil’s Ashpit 
is a deep, cirque-like gulch cut in The Peak tuff The Peak itself has 
many radiating gorges and revett edges, developed by erosion in 
somewhat coarser material The sand-like d£bns flooring Cricket 
Valley is the favorite home of thousands of brilliantly colored land- 
crabs, which have there found deep, loose material suitable for their 
burrowmgs 

Typical bread-crust bombs are rare in Ascension Spindle-shaped 
bombs with smooth sides are fairly common, examples may be col¬ 
lected on Cross Hill, Sisters Peak, South Red Crater, and South 
Gannet Hill Basing his thought on similar specimens which he col- 
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lected on Ascension, Darwin originated the true explanation of the 
form and structure of spindle-bombs 6 
On the flanks of many tuff-breccia cones one finds sconaceous blocks, 
a few decimeters in length, that roughly resemble spindle-bombs in 
shape These appear, however, to have been formed in quite u differ¬ 
ent way — as tear-like exudations, rhythmically pinched off as small 
driblets of lava burrowed their way out to the air through the mobile 
fragmental deposits of the cones 

The trachytic tuffs are essentially composed of angular pieces of the 
ordinary, bubble-free trachyte, mixed with varying proportions of 
light pumice, in some places also with small fragments of black or 
deep green, lustrous obsidian In most cases, if not in all, where the 
lower contacts of the thick outflows of massive trachyte can be seen, 
each flow is directly underlain by a bed of pumice-nch trachytic tuff 
This rule suggests that the upper part of each ascending column of 
trachytic magma was exploded mto the air before the main body rose 
high enough to cause lateral outflows or overflows 
Usually the trachytic tuffs are quite friable at the outcrop, but 
those widely exposed on the plain between Thistle Hill and the Bears 
Back are superficially hardened to a depth of two to fi\ c centimeters 
This surface-shell is resonant under the hammer and recalls the irregu¬ 
lar, bilicificd “veins'* or interfaces of the trachytic domes and flows 
The superficial sihcification is here a phase of weathering under sub- 
arid conditions 

The Ascension tuffs show the centrifugal or outward dips and also 
centripetal or inverse dips, usual at vents with crater-rims Suc¬ 
cessive beds may be unconformable, either because of erosion or be¬ 
cause of explosion, taking place between the periods of pyroclastic 
action In the second case the younger tuff may be seen to have been 
plastered on crater slopes at angles well above the angle of rest for 
even coarse, dr> material , a good example was noted in the double 
crater opening near the foot of South Gannet Hill, south sale 

Dikfs 

Since neither deep erosion nor strong dislocations have affected the 
island, intrusive bodies visible at the surface are not to he expected 
A half-doxen small dikes arc the onl> bodies of the kind obser\ed 
On the mam road southwest of ( ross Hill an irregular basaltic dike 


# C Darwin, Geological Observations, p 42,2d ed , liondon, 1876 




40 


DAIA 


cuts slaggy breccia With maximum width of about 25 centimeters* 
it strikes north 70 degrees east Strong grooves were impressed on 
the dike-walls as the stiffening magma was forced past the rugosities 
of the breccia, east-northeastward, m a direction inclined 30 degrees 
from the vertical, the magma acted like a plastu solid, rather than 
like a purely \ iscous liquid 

A second, vertical, 15-centimeter dike of frothy, basaltic glass cuts 
a trappean flow at the north end of the old cliff at Southwest Bay 

Tht best exposed dike cuts basaltic ash on the western slope of 
Spoon ( rater cone This dike is \ertical, is one to nearly two meters 
wide, and stands abo\ e the more easily eroded ash for a distance of 
about 150 meters It strikes north 70 degrees west and may be 
connected with the Spoon Crater center 

A fourth vertical dike of basalt, with similar strike, cuts the base of 
a thick tmehytic flow, 250 meters southwest of the top of Middleton 
Peak This dike, more resistant to the weather than the* trachyte, 
here brecuated by flow, stands up as a w all which is three to four meters 
high and about tw'o meters wide Three hundred meters to the west¬ 
ward a nearly parallel wall-dike of about the same width cuts trachytic 
tuff and breeua In the absents;' of any other proof, these two dikes 
alone w ould show that some of the basaltic eruptions are \ ounger than 
trachy U in \scension 


Caharkoch Deposhh 

Though the physical conditions for the growth of coral reefs appear 
ideal at both Ascension and S&mt Helena, neither island is fringed with 
reefs, tht icw species of iorals now lmng along these shores are not 
reef-builders The dominant and prevailing currents prevent colon¬ 
ization by larvae issuing from the reefs of the western Atlantic On 
the othei hand, both islands are m the “ shadow M of Africa, so that 
west-bound currents cannot bring larvae from the Indo-Pacific region 
There ts no evidence that the conditions were essentially different at 
any time since the much older Saint Helena rose above sea-level 
Strong beaches of nearly pure calcareous sand have been formed m 
Clarence Bay and Southwest Bay These are made up of fragments 
of shells, corals, and abundant calcareous algae, including Lilhotham- 
mon, a genus w hich seems to thrive as well as it does on a Pacific island. 
Darwin and Renard described these benches, the former noting the 
advanced hthifieation of some of the deposits (See Plate III, B) 
An older hmestom at Southwest Bay represents a relatively ancient 
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storm-beach or dune-deposit, so hthified as to make building-stone, 
ringing under the hammer In it the wa\ * s are now cutting low cliffs 
and it can be seen to extend outwards, well be\ond the low-tide level 
of the sea In tins case the cementation looks like that which is so 
common in calcareous dune-sands within the tropics and caused by the 
evaporation of water, either sea-spray 01 ram-wattr 

At Georgetown the beach sands havt been W'ell cemented into 
"beach-rock,” which is almost entireh confined to the \crtical interval 
between high-water level and low-water level or a little deeper lex el 
The calcium carbonate cementing the bcuch-roek came directly out 
of the sea-water, as noted elsewhere this inode of the hthification 
of beach sands m the tropical belt seems best explained by the action 
of alkaline carbonate which is generated during the decay of animal 
matter, specially concentrated in the sands and muds 8 
The beadi-rock at Georgetown \* remarkably perforated by parallel 
worm-hormgb, the sand is most hthified along the walls of the bore¬ 
holes 


Faults 

Displacements by ordmarx faulting are ran. in \seension The 
only eases obserx ed r< ier to faults in tufts and tuft-breccias 

In the xallc x about bOO meters south of the 1187-foot point on Spoon 
Crater, a wet-weather stream has cut a fine gorge about 30 meters 
deep, where pyroclastic basaltic deposits are well exposed Some 20 
meters of deep red to brown tuff overlie one meter or inort of light 
brown tuff, which its< If rests oti ten meters ot dark grax tuff and 
breccia This series dips to the southeast and seems to represent a 
relic of an old, elsewhere buried erater-nm, centering at or near the 
vertical axis ot the Spoon ( rater com Th< tuffs are cut b\ a complex 
of nearly vtrtical faults with throws rungmg from three to six mcteis 
The faults are probablv all ot the normal type 

Several faults cut the tuff-breccia senes along the road up Gieen 
Mountain, near the 5-mile post and between the 1500-foot and 2000- 
foot contours Both normal and rt verse faults were found, with maxi¬ 
mum observed throw' of about two meters All of these local displact - 
ments max be connected with the settling f>f the composite Green 


tR A Daly, Year Book No 18, Carnegie Institution of Washington, for 
191ft,p 192 See also the writer’s "Geologyof American Samoa” in Pub 
No 340 of the Carnegie Institution of Washington, 1924 
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Mountain cone, either because of the compacting of its maten&l under 
dead weight or because of internal magmatic movements* Possibly 
the reverse faults are due to the upthrust exerted by the stiff trachytic 
magma as it rose to form the great dome of the mountain Along 
some of the fault-planes traversing black, basaltic tuff, pale brown 
trachytic sand has been injected m a manner suggestive of sandstone 
dikes (earthquake jars) 


Petrography. 

Renord, Prior, and Reinisch have indicated the main rock-types in 
Ascension The collections of rocks studied by them were made by 
others, and in many instances neither the localities nor the field rela¬ 
tions of the critical specimens could be stated with exactness The 
sampling of 1921 showed that Darwin and the members of the Deutsche 
Sudpolar Expedition had found the mam volcanic species constituting 
the island The following description is thus supplementary to the 
petrography already published by experts, whose essential results are 
summarized Three new analyses of the trachytes are given, and also 
four new analyses of the basalts, of which the chemical nature had not 
been made sufficiently clear The thin sections from the 1921 collec¬ 
tion are 157 in number Besides, the writer has studied a score of thin 
sections (without specified localities) kindly presented by Dr J S 
Flett, Director of the Geological Survey of Great Britain 

Named m the order of decreasing volumetric importance, the vol¬ 
canic rocks include basalts, trachytes, trachydolente, trachyandesite, 
and rhyolitic obsidian, the last being intimately associated with the 
trachytes The dominant basalts will first be described, then the 
trachydolerites, trachytes, and obsidian, finally the granular, plutonic 
rocks which occur as fragments m tuffs and breccias or as xenohths 
in the lavas 


Basalts 

Neither picntic nor limburgitic flows were seen in the island The 
most mafic volcanic species collected is the abundant olivine basalt 
It forms flows mterbedded with, or overlying, flows of the even more 
common ohvine-free or olivme-poor basalt Some of the superficial, 
youngest flows, exemplified by the South Gannet flow and by the 
Bears Back flow or dome, are composed of olivine basalt This kind 
of basalt forms rugged, tensioned flows as well as those so smooth as to 
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approximate the pahoehoe or ropy lava, as a rule they are not so 
scoriaceous as the olivine-free basalts 
Two typical fresh specimens were selected for analysis 
One of these, taken from the surface flow of the Southwest Bay 
group, at a point on the road, south 85 degrees east from McArthur 
Point and west of Dark Slope Crater, has been analyzed by Miss 
Helen E Vassar, chemist in the Department of Mineralogy and 
Petrography at Harvard University The flow is relatively smooth 
and has the “bouldery” habit above described The rock is dark 
gray, with the usual appearance of common basalt Fuirly numerous 
phenocrysts of feldspar, reaching eight millimeters m length, are em¬ 
bedded in the compact base, which is moderately vesicular Under 
the microscope the phenocrystic feldspar is seen to be acid bytowmte. 
Aba Ann Olivines, generally rounded and reaching maximum diam¬ 
eters of about one millimeter, are subordinate phenocrysts, composing 
about 12 per cent of the rock bj weight The groundmass carries 
abundant pale green augite, much iron oxide, probably both magnetite 
and ilmemte, and apatite Less than 5 per cent by weight is glass, 
darkened by skeleton crystals of iron oxide 
The analysis of tins specimen (No 2731) gave the results shown m 
column 1, Table II In the Norm classification the analysis is that of 
an omose, in the salfcmane class and order, gallare, it is alkali-calcic 
and persodic, and near camptonose, the dosodic suhrang of the same 
rang 
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1 Olivine husalt, surface flow of the Southwest Rroup, specimen No 2731, analy¬ 

sis by II E \ Hssar 

2 Ohvine-i*mr basalt, flow, north wall of Cricket Valley, sjieeimen No 2850, 

analysis h> H K \ uswur 

3 Trachydoleritic basalt, flow from Mountain Red Hill, specimen No 2839, 

analysis by E G Radley 

The second specimen, also anal \ zed by Miss Vassar, was taken near 
the IbOO-foot contour in the north wall of Cnekct Valiev and about 
&K) meters due east of the 1884-foot point marked on the Admiralty 
chart It represents a flow overlying the much thicker body of basalt 
exposed on the wall of the alley" (Figure 7) The specimen is a 
compact, very slightly \esioular, fresh basalt, with a medium gray 
color Occasional phenoorysts of feldspar, up to 5 millimeters in 
diameter, break the monotonous, truppean surface 
The phenoorysts are bytowmte, in some cases faintly zoned, with a 
medium labrudonte on the exterior, and colorless, generally anhedral 
olivines, which make up about seven per cent of the rock by weight* 
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The ground mass is a confused, granular, somewhat fluidal composite 
of labradonte, colorless, diopsidic augite, another pale green augite, 
iron oxide, and apatite 

The analysis of this specimen (No 2850) is stated in column 2, 
Table II, the norm is that of a camptonose 
A specimen (No 2839), probably not far from being representative 
of the most voluminous lavas of Ascension, has been analyzed by Mr 
E G Radley, chemist of the Geological Survey of Great Britain, 
London It was collected at a point 100 meters north of the summit of 
South Red Crater, from a flow that issued from Mountain Red Hill 
And wrapped around the cone of South Red C rater The moderately 
vesicular, dark gray, compact rock shows rare phenocry sts of bytown- 
ite Other rare phenocrysts of augite in stout prisms reaching one 
millimeter in length, are seen under the microscope The groundinass 
is a composite of labradoritc, very pale, greenish uugites, magnetite, 
probably jlinenitc, and apatite Occasional, small grains of olivine 
represent an unimportant accessory No glass was observed 
The specific gravity, 2 84, lower than that of either of the olivine 
basalts, is correlated with the less mafic nature of the Red Hill 
basalt 

The analysis of No 2839 is given in column 3, Table II The norm 
pluces it in the (losodic subrang undose, of the alkali-calcic rang 
audase, of the order germanan, of the dosulanc class 
The rock is clearly on the border line between true basalt ami tiachy- 
dolente, and mu\ be called a trachydoleritie basalt 


Trachydoi Emits 

Haves Hill, a low scoriaceous cone at the water-hunt of Georgetown, 
and a vet smaller tone of aconite immediately north of the Landing 
Pier (Plate XXI, A , B) have each yielded a specimen analyzed bj 
Reimsth, who has shown these lavas to be tmchydolentes m the sense 
of the Rosenbusch classification 

Remisdi describes these specimens as 11 strongly vesicular, red-brown 
to brownish-black fragments of slag or bomb-fragments They 
carrv m places a superficial layer of glass, 1-2 millimeters thick, and 
occasionally show small phenocrysts of plagioclase, though generally 
no mineral is macroscopically visible In thin section a groundmass 
of poorly transparent, dark brown glass full of opaque flecks and 
minute grains of iron oxide, is seen to be charged with laths of plugio- 
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close ranging from labradonte to andesmc • * Neither pyroxene nor 
olivine appear ” 7 

In a charactenstic specimen of the Hayes Hill rock, No 2784, the 
present writer has found some very small grains of augite and much 
rarer olivine, its specific gravity is 2 66 The specific gravity of a 
specimen, No 2761, of the Landing Pier cone is 258 This rock is 
largely glass charged with granules of magnetite and larger crystals 
of medium labradonte and andesine, which are also the essential feld¬ 
spars of No 2784 

The analyses given by Reimsch are quoted in the following table 
(Table III) 


TABLE III 

Trachydoucmteh of Ascension Island 



1 

2 

Nouu (Washington’* Tabt«) | 
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90 

2 38 
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1 16 
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PA 

31 

48 
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1 16 
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100 58 
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10062 

99 38 


1 Traohydolentt from Hayes Hill (cf specimen No 2784), analysis by R 

Remiseh 

2 Trarhydolcnte from the Landing Pier cone (cf specimen No 2761), analysis 

byR Remiseh 

As stated, both analyses fall in the dosodic subrang andose, of the 
alkah-calcie rang andase, of the perfehc order germanare, of the dosa- 
lane class The accuracy of the alumina and magnesia determina¬ 
tions may well be questioned 


7R Remiseh, Deutsche SUdpolar-Expedition, Bd 2, Geographic und 
Geologic, p 652,1012 













GEOLOGY OF ASCENSION ISLAND 


47 


Reimsch describes basaltic trachydolerite “from two different beds 
at Cricket Valley ” In these he found, besides phenocrystic plagio- 
dase (labradonte to andesme), augite, and olivine, a groundmass 
composed of andesme, augite, olivine, and magnetite, with a cement of 
alkali-feldspar and anorthoclase Mica and a barkevikitic hornblende 
and apatite are accessories 

He also refers to trachy dolente a lava which incloses fragments of 
trachyte which have been partly melted This flow occurs nearly 
half way up the side of Green Mountain Reimsch mentions trachy- 
dojentic lapilli on The Farm, northeast slope of Green Mountain In 
neither of these last two cases does he give evidence that the mafic 
rock is other than an ordinary basalt 

The monolithic ndge, culminating at the charted 193-foot point 
north of Cross Hill — a basaltic, pretmcln te product of eruptivity 
at the Cross Hill center — appears to carry a little alkali feldspar in 
the groundmass, which contains accessory hiotite The grain is so 
fine and the crystallization so confused that a precise determination of 
the alkali feldspar and of its amount have not been possible Pending 
analy sis this rock may be tentatively called .1 trachydolentie basalt 
The basaltic scona and tlun flows overlying the core trachyte of Cross 
Hill itself may be trachy dolcntit, they luiv e not been specially studied 
m thin section 

\ndesite’ 

Renard, on page 58 of his report on the ChuUf nqcr collection, men¬ 
tions " certain rocks, much resembling basalts, which may be classed 
as andesites met with in various parts of the island, particularly 
on Red Mountain ” He referred the microti tes of essential feldspar 
to andesme or ohgoclasc and the nominative mineral to bronzite 
"The mineral identified as bronzite is always altered, and the decom¬ 
position shows itself by the deep red tint which clothes the section ” 
He adds " The red colom produc ed by alteration makes these little 
pnsms resemble certain oli\ mes, but the outlines of the sections and the 
elongated form of the pnsm do not confirm this supposition *' (P 59 ) 
On the other hand, the present wTiter found 111 several sections of the 
basaltic rocks clear cases of olivine partly altered to a deep reddish- 
brown substance (probably iron-stained serpentine) and also fresh 
olivines so elongated as to simulate an orthorhombic pyroxene To 
him it seems likely that the pscudomorphs described by Renard really 
represent olivine Further study of this Red Mountain lava is needed. 
It was not sampled in 1921, and no true andesite was then elsewhere 
found m the island 
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Trachyandesite 

The lava of the fissure-eruption at Southeast Head is of andesitic 
habit Specimen No 2864 was selected for analysis It was taken 
from a tongue of the ragged flow on the western slope of the Southeast 
Head plateau, about 200 meters from the shore of Southeast Bay 
It is a dark gray, in places almost block, vesicular rock, less sconaceous 
than most of the flow It contains a few xenoliths of a labradonte- 
augite lava, probably an oh vine-free basalt 8 Rare glints from imero- 
phenocry sts of feldspar form the only breaks in the dense groundmuss, 
as seen with the unaided eye The phenocrystic feldspar is largely 
andesme, Ab«o An#), with occasional external shells of ohgoclase-ande- 
sme Other, untwinned, squarish phenoervsts have a m> small 
optical angle and the extinctions of sodiferous orthoclose \ few small, 
automorpliic, pale greenish phenocrysts of augite appear in thin 
section The microerjstalhne to cryptocr\stalline groundmoss is an 
aggregate of ohgoclase-andesine, orthodast, colorless to pale greenish 
diopside, cuhedral to dust-like ilmemte oi titamferous magnetite, a 
little aputite, and interstitial glass The proportion of glass is not 
eas\ to determine, it is estimated at from 10 to 15 per cent of the rock 
by weight 

Tilt analysis of No 28l>4, hy Dr H S Washington of the Geophysi¬ 
cal Ijaboratoty, Carnegie Institution of Washington, gave the results 
shown m column 1, Table TV, the norm places it in the dosodic sub¬ 
rang akerose, of the domalkahc rang monzonase, of the order gennan- 
are, of the dosalane class 


8 The xeriolitim character of this material was not recognized until it was 
studied in thin section, hence one reason for assuming in the hold that the 
flow is an oltvne-froc basalt, as wrongly Hinted m the preliminary report 
(Otol Mag, 60, 149, 1922) 
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FABLE IV 
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1 Flow from fissure Nmtlu u«t Hi nl spirimcn \ T <> 2S04 tnalvsis 0} H S 

Washington 

2 Average of nine tract)} undt sites, reduced to UH) jw r eent 

Column 2 of Table IV gi\ es the a\ eruge anal\ sis of nine truehvande¬ 
sites noted m Rosenhusch’s “ Eleinentc der Gestcinslehn ” The South¬ 
east Head flow seems to be best classified us a trach\ andesite 


Thai h yti m 

The study of about fifty new thin sections of spot linens, collected 
from nearly all the different bodies of trach\ te, has confirmed the im¬ 
pression, won m the field, that the Ascension trachttes are on the 
whole fairly uniform m chemical composition Prior and Reimsch 
have already described most of the \ arteties Without exception 
they contain strongly dominant alkaline feldspar, commonly about 80 
per cent by weight, which is regularly soda-orthoclase with variable 
proportions of anorthoclase The nominative minerals are aeginte, 
diopsidic augite, rielieckite, aenigmatite (cossynte), and other brown 
amphiboles Of these aeginte is hv far the commonest constituent, 
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apparently failing only m certain trachy tic projectiles found in the 
Green Mountain region True, undoubted nebecLite seems to be 
confined to the dome-rock of Green Mountain> and to the trachytic 
tuffs and projectiles of that region A closely allied amphihole in 
small amount characterizes the rock of 11 The ('rags” dome No mica 
has been discovered in any specimen 

This qualitative, mineralogical evidence of comparative uniformity 
is well matched by the chemical analyses In addition to those pub¬ 
lished by Renard, Prior, and Remisth, three new analy ses are available 
The description of the Ascension trachytes may well center around 
these analyses, old and new 

Trachyte of the Ragged Hill Dome. The specimen (No 2855) 
collected at the top of tins dome, but some meters lx low the initial 
surface, is of a fairly dark, greemsh-gra> color It has the usual 
porosity of trachy te and is further normal in lacking bubble-vesicles of 
the kind common in basalts The only phenocrv sts are feldspars, from 
one to three millimeters in length and so abundant as to give the rock 
a somewhat syemtic look Study of the thm section and oi the rock- 
powder has showed that both soda-orthoclase, with extinction of eight 
degrees on (010), and anorthochise are represented The groundmass 
carrub the same kinds of feldspar, considerable diopside, much 
aegiritc, lmigmaticallv alter* d in large part to an opaque material 
resembling mugric nte, deep gm nish-brown to opaque material which 
suggtsts nebeckitc or an allied am phi bole, unhedru of magnetite, 
probablv titaniferous Neither quartz nor apatite was identified in 
the sci tion, though hoth appear in the norm of the rock No glass was 
seen 

The analysis of No 2855, by Miss Vassar, gave the values shown in 
column 1, Table V The analysis enters the dosodie subrang nord- 
marhose, of the peralkahc rang nordmurkase, ot the perfehc order 
cunadare, of the pcrsalane class 
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THACnYTKH (>* Ak(£NBION lftlASD 



1 

2 

a 

4 

5 

SiO] 

05 IS 

ob m 

(* 12 

MON 

67 US 

TiOj 

44 

so 


2H 

10 

AljOj 

15 91 

11 to 

15 51 

1b 00 

15 4A 

KeaOj 

1 41 

i S5 

t 27 

2 57 

3 25 

FeO 

OK 

tl 

91 

> 12 

1 25 

MnO 

it 

21 




M«0 

10 

to 

17 

04 

10 

CaO 

SI 

st 

1 05 

1 5S 

100 

NunO 

0 24 

1) 70 

0 tl 

0 15 

0 12 

K«C) 

1 00 

4 14 

5 10 

5 IS 

5 12 

HaO- 

45 

os\ 

1 OS 

01 

50 

HiO+ 

i 51 

W 

IVh 

os 




04 

BuO 


01 




ZrOi 


1 t 




COz 

no 

nont 





*»9 o» 

VI70 

100 71 

09 41 

10034 

Sp gr 

2 04 

2 51 





1 Truthst< of Rapped Hill dome, spw imen No 28.55, analysis 1>\ 11 F Yasaar 

2 Truoh>te ol Southtoat Head dorm, sixemnn No 2S0i annhsm by H S 

W anhington Si* ml tests for K and C r*0 3 hud nt poti\ ■ ri suits 
d Trachyte from it point * north of Dark hlopetrattr ", anahsiH by R R< mm< h 

4 Trachyte of t roas Hill, quarry nmdjais by H Ruxmdi 

5 Trachyte from a point 1 2 * 4 5 half-wuy up Orem Mountain’ analysis by R 

KeiniHch 
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NORMS of Thachytfb, Table \ 
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Trachyte of Southeast Head The third ot the new anal\ses of 
true In te was made irom specimen No 28bd, collected at the western 
edge of the Southeast Ileud dome, alxmt 100 meters from the shore at 
Southeast Ba> TJ»e rock is non-\ esu ular, compact, light brownish 
gru> in color, and almost perfectly fresh Hare glints of light lietrav 
the presence of phenocrysts of anorthoclase, general! > less than one 
millimeter m length The groundmass is a microcr> stall me mass of 
soda-orthodase, perhaps anorthoclase, nucropoikilitic quartz, and 
colorless glass (the last about 8 per cent of the rock by weight), the 
whole sprinkled with a rather thin cloud of deeply colored aegmtes 
in minute, corroded or skeletal forms, some magnetite, a few grams 
of colorless diopside, rare apatites, and very rare zircons One small 
area of a black, opaque, moss-like mineral may be altered nebeckite 
The micropoikihtic quartz (nearly 10 per cent of the rock by weight) 
occurs in roundish, ragged individuals from 0 5 to 1 0 millimeter in 
diameter It has precisely the same habit as the free quartz in the 


• The nprms of Nos 3, 4, and 5 are taken from Washington's Tables 
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“silieious ’veins” soon to be described, and in the trachyte of Tutuila, 
Samoa, recently studied bv the writer Pnor found it in the trachytes 
of Ascension, British East Africa, and the Aden peninsula 10 Renard 
saw it in his specimens from Ascension, and, like Prior, doubted that 
the quartz originated in ordinary weathering More probably it is of 
late-magmatic origin and was deposited by residual solutions of the 
magma after the crystallization of the other constituents 

The analysis of No 2863, bv l)r H S Washington, is stated in 
column 2, Table V, its norm places it in iht dosodie suhrang kalleru- 
dose, of the peralkalu rang hparase, of the quardofehe order britan- 
nare, of the persalane class The rock is a somewhat vitrophync 
aeginte trachyte 

Elding School Trachyte The glass-free, mam part of the Riding 
School trachyte is a light gra\, non-vesicular, mimitelv porous rock 
with ran* phenoen sts of anorthocla.se and soda-orthoelase up to three 
millimeters m length, and one-millimeter neeflles of aeginte The 
microcrystallim to eryptocrvstalhne groundtnass is essentially made 
up of the same minerals, together with a little aeginte-augite A 
specimen from the northeastern overflow is free from quartz, but 
another, broken from the edge or rim of the basined dome itself, carries 
from five to ten per cent of micropoikihtie quartz by weight A third 
thin section, from a typitul “sihcious vein” contains at least fifteen 
per cent of the micropoikihtie quartz (See a later section on sihcified 
interfaces) 

Reimsch (p 049 of Ins paptr) gives an analysis of u glass-rich diop- 
side trachyte, collected at the northern foot of Dark Slope cone At 
this locality the present writer found no trachyte in place and the 
specimen in question mil) be a transported fragment of the Riding 
School trachyte Its analysis is quoted in column 1, Table V 

Renusch found 68 31 per cent of silica and 2 47 per cent of water in a 
specimen of an " Alkali-Trachyt-Pcrht,” collected in the stream course 
north of the Riding School He also gives anahses of a trachytic 
pumice from the foot of the Riding School cone, north side, and of a 
seal-red troehvtic tuff from the 1 southwest comer of the Riding School 
These arc quoted in Table VI 


10 a T Pnor, Miner Mag , 13,242,265,267,259,1903 
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TABLE VI 
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Trachytes o 1 the “Drip” Dome and the Mass at the North¬ 
west Base of Thistle Hill These are aegmte trachj tes, hardl> to 
be distinguished from the Hiding School rock The microphenocrysts 
include anorthoclase and rare aegintes The groundmass carries 
essential soda-orthoclase, aegmte, and a diopsidic pyroxene Quarts 
fads in the three sections made from the trachj te of the 14 Drip” dome, 
the Thistle Hill mass has a little nucropoikihtie quartz As usual the 
specially fine-grained phases are more sonorous under the hammer 
than the coarser phases, and e\en rival the “sihcious veins” of the 
Riding Scliool and other bodies, in this respect 

Trachyte of “The Crags” Dome Beneath the pale brown, 
weathered shell, the fresh rock of “The Crags” dome is gray to fairly 
dark greenish-gray in color It shows occasional phenoerysts of 
anorthocluse and soda-orthoclasc, reaching maximum lengths of about 
four millimeters The groundmass is essentially a macrocrystalline 
aggregate of soda-orthoclasc ami aegmte, with subordinate diopsidic 
augitc, magnetite, and much green to dark bluish gra>, highly pleo- 
chroic amphihole of moss-hke appearance, like that of neWhite 

Trachyte of Cross Hill This rock has a striking variety of color 
At the quarrj cut m the base of the western slope of the cone, the 
trado te is a very pale gray, almost white The same color character- 
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izes the outcrop 800 meters to the north and also much of the dome- 
rock on the northeastern slope of the hill Light brownish and green¬ 
ish phases are, however, common m the roc k of the dome itself, on 
the path from Bates Cottage to the Wireless Station the tint is a 
decidedly dark greenish gray The csause of this variation is not 
apparent, it cun hardly be referred to weathering, since it is found in 
rock which is almost perfectl> fresh 
The whitish rock of the quarry is spec kled with v ery nunute, dust- 
like grains of amphibolc and rugged needles of aeginte-augite and 
aeginte These can be distinguished only under the microscope, 
which also shows initroplu nocrvsts of soda-orthoc lase, anorthocla.se, 
and rare indiv lduals of a twinned feldspar, probably oligoclaso-ulbite 
The groundmass contains soda-orthoclase, possible some anorthoc lase, 
aegirite-augite, nncropoikilitu quartz, und magnetite 

The veiv ragged, embayed amphibole has tlie pleochroic scheme 
a, light vtllowish green, b, deep brown to black, c, dark olive green 
The extinction c (, on the cltnopimuoid is about IS degrees, that on 
cleavage pieces is about 17 degrees The optical angle is large This 
amphibolc thus resembles one described bv Osann as occurring in the 
sanidmitc of San Miguel 11 It set tns not to be the catoforite, reported 
b t \ Reimseli from the quarrv rock \emgniHtite was not demonstrable 
by the present writei, Remise h states it to occur in small amount 
Remiseh made an analysis of the quarry rock His result is quoted 
in column 4, Table* \ The norm of the analysis places it m the sub- 
rung norelmai kosi*, where the two ana Uses of the Riding School 
trath\te also lull 

The darken phase of the ( toss Hill trachyte lacks tssentia! amplii- 
l>ole, its grounelmass be ars a few dts.plv colored anhedra of an obsture 
brown mineral which mav be .umginatite 

Trachytes of Green Mountain Vt least two tvpcs oi trachvtes 
are represented in Green Mountain one with aeginte as the only 
essential mafic constituent, the otlur containing both aeginte and 
alkaline amphibole 

The aeginte trachvte, oi the usual light gru> to whitish tints, com¬ 
poses a thick flow outcropping on the road up the mountain at the 
1400-foot contour \ similar \anet> composes the craggy mass, 
probably also an overflow from the central dome, the exposed part 


11 See the Rtmenhu** h-Willfiug " Mikroskopisc lu Physiographic,” 1, part 
2, 237, 190 > 
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of which extends from the sanatorium to, and including, Monkey 
Rock north of the summit These trachytes are free from quartz 

Amp hi hole-bearing phases seem to be quite abundant in the moun¬ 
tain One of these, forming at the Valley Tank the trachytie rim of 
the caldera in which The Peak tuff-cone was built, has been specially 
studied (See Plate XIV, B ) It is light gra> and compact, with rare 
and small phenocr^sts of soda-orthodasc and anorthoclase The 
groundmass contains the same feldspars along with aeginte, aegirite- 
augite, and considerable nebetkite Cossynte (aenigmatite) was not 
identified 

The overflow exposed in a cliff-section 300 meters south-southwest 
of The Farm buildings has phenoervsts of soda-orthoclase, anortho¬ 
clase, and rare aegintes, in a groundmass containing, m addition, 
nebeckite, a diopside-hke augite, man> grains of an amphibole which 
may be aenigmatite, and inicropoikihtic quartz A dark brown to 
opaque, moss-like amphibole is probably magmaticall> altered ne¬ 
beckite 

Reinisch reports aenigmatite-arfvedsomte trachyte from Green 
Mountain, taken at the level of the sanatorium, ami again from the 
watercourse north of Donkeys Plain He gives an analysis of a 
M catofonte-aemgmatite trachyte” collected half ua\ up Green 
Mountain Sec column 5, Table V The analysis falls in the dosodic 
subrang, nordmarkose 

I*arge and small fragments of nebeckite trachyte are tolerably 
abundant in the breccias crossed by the road up Green Mountain and 
in the breccias on Middleton Peak ridge, a spur of the mountain 
Many others are strewn over the floor of the vallcv followed by the 
Green Mountain road, westward and northwestward from Travellers 
Hill, many of these have been moved down the valley by freshets, 
hut some, if not most of them, are projectiles from the explosive center 
of Green Mountain 

Three of the thm sections cut from these projectiles appear to con¬ 
tain, besides nebeckite, at least three other varieties of amphibole 
All three have the same ragged, moss-hke habit, as well as sensibly 
the single and double refraction, of the adjacent nebeckite One of 
the varieties is strongly pleochroic a, deep blue green, b, deep blue 
green to opaque, c, gra> green The extinction angle r c is nearly 
zero This mineral approximates true nebeckite A second variety 
is highly pleochroic in brownish green and very deep brown colors 
A third is nearly colorless, with a greenish cast In long sections its 
extinction is nearly parallel to the cleavage, which is poorly developed 
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in all these ainphiboles The nearly colorless \ anety occurs isolated 
and also is seen to merge into the green amphil>ole The former has 
all the appearance of being an iron-poor or iron-free analogue of ne- 
beckite, as if it might he the chemical equivalent of the jadeite mole¬ 
cule among the sodic pyroxenes With the material in hand this 
speculative suggestion cannot be properly tested 

The whole group of rnoss-ampluboles has the corroded look of min¬ 
erals which have been subject to the reactions due to residual water-gas 
or other fluids of tht late magmatic period \11 of the dark-colored 
varieties, probably including many types intermediate between those 
described, ha\e apparently been acted upon by water vapor or water 
gas, which has removed silica and concentrated iron oxides, rendering 1 
the remaining solid more or less opaque This change parallels that 
so often observed m the case of aegirite 

Remisch reports aemgrnatite in all his specimens of amphibole 
trachyte The present winter has had such difficulty in proving this 
mineral in the dense specimens of his own collection tliat he hesitates 
to list it in several instances where the mineral is suspected 

Quartz Trachytes 

Quarts Trachyte of White Hill Dome \nother mass from 
which no analysis has hitherto been reported is the great White Hill 
dome A specimen (No 28hl) from the lower end of one of its out¬ 
flows (Plate XVII) is highly fluulai or platv, with an alternation of 
thin, pale bluish gray and nearly white layers This eutaxitic struc¬ 
ture is connected with the \arving degree of crystallization of the 
original glass To the naked eye the rock is aphamtic throughout, 
the microscope shows irucrophenoc r> sts of soda-orthodase For the 
rest the rock is a layered composite of colorless glass, charged with 
minute, ragged needles of aeginte and skeleton-crystals of alkaline 
feldspar, chiefly soda-orthoclase The only other crystallized minerals 
are magnetite, in minute specks, and about ten per cent of mieropoikil- 
itu quartz 

The analysis of No 2801, by Mr E G Radley, is given m column 
1, Table VII The analysis falls in the sodipotassic subrang liparose, 
of the peralkaiic rang liparose, of the order bntannare, of the per- 
salane class 

Its chemical composition places the rock among the rhyolites 
However, it is probable that the silica percentage has been increased 
by infiltration during the late magmatic period, and that the magma 
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wus more nearly a typical trachyte than a typical rhyolite To 
indicate the very close relation between this White Hill rock with the 
true trachj tes of the island, the former may he called a quartz trachyte 

Trachytes of Little White Hill and Wig Hill. These have not 
been microscopical!} studied In the field thev appeared closely 
similar to the White Hill rock 

TABLE VII 
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1 Quart/tradt>t<, ouHhm from White Hill doim npecuncn \u *2861, analysis 

!>> K G Undkv 

2 u Augiti trachyte " from Weather Post (reported by A Uenurd, Petrology of 

Occamo Islands Challenger lit ports, p r )2, 1SS9), analysis by KUiuent 

Weather Post-Devils Cauldron and Boatswain Bird Islet 
Trachytes The trachyte contmuoush exposed from the top of 
Weather Post to the lower end of the great flow north of the Devils 
Cauldron seems to lie a very homogeneous ueginte (-diopside) trachyte, 
bearing in the groundnmss numerous ragged grains and short needles 
of black, opuque material winch may represent timgnmticall} altered 
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cossynte as well as acginte The feldspars of phenocrysts and 
groundmaas alike are soda-orthocluse with less important anortho- 
dase Quartz does not appear m the tliree thin sections available, 
one from the northern flow and two from the run of the Cauldron 
The diopside phenocrysts are rare and hear thick mantles of ueginte 

Renard (page 47 of his paper) gives an analysis of “augite trachyte' 1 
from Weather Post, column 2, Table VII He explains the high silica 
by the infiltration of quartz, which is u probably of secondary ongin ” 
Taken as it stands, the analysis is that of the dosodic subrang, kalleru- 
dose, of the peralkahc rang, hparase, of the quardofehc order, britan- 
nare, of the persalane Hass 

The monolith of Boatswain Bird islet is an aegirite-diopside trachyte, 
poor in diopside, which is confined to the groundmuss Micropoikilitic 
quartz is rather abundant m the one tlnn section made from this rock, 
a little moss-like, black material tnu\ represent altered nebeckite or a 
elosclv allied variet\ of amphiboh 


SlIKIHU) iMfrKtAC fs (“SILKIOI H VHNH M ) IN TH1- TllMHUFS 

The weathered surface of practical!v c\erv bodv of truchvte in the 
island is locally roughened with prominent, intersecting, rib-like ridges 
(Plates VI and XIII) The> arc spaced at intenals var\mg from a 
few centimeters to one or more meters Intersections otem at inter¬ 
vals of the same orders of magnitude W he re \ertieal, the ribs usually 
project some centimeters or a feu decimeter- Those more nearh 
parallel to the general surface of the ledge often form luud caps, stand¬ 
ing on round, more or less slender m c ks < outpost d ot the weaker, more 
normal trachj te The weathering of each composite ma\ be described 
as carious, on a large scale 

Darwin’s attention was actively drawn to the problem of these 
projecting ribs, "which he called veins His account of them is excel¬ 
lent and worth quoting '‘•Tliej contain < ratals of glassv feldspar, 
black microscopical specks and little dark stains, precisely as in the 
surrounding rock, but the basis is ver\ different, lieing exceedingly 
hard, compact, somewhat brittle, and of rather loss easy fusibility 
The veins \arv much, and suddenly, from the tenth of an inch to one 
inch in thickness, thej often thm out, not onl> on their edges, hut in 
their central parts, thus leaving round, irregulur apertures, their 
surfaces are rugged The v v arc inclined at everv possible angle with 
the horizon, oi are horizontal, the> arc generally curvilinear, and 
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often interbranch one with another From their hardness thev with¬ 
stand weathering, and projecting two or three feet above the ground, 
they occasionally extend some yards in length, these plate-like veins, 
when struck, emit a sound, uhnost like that of a drum, and they may 
be distinctly seen to \ibrotc, their fragments, which are strewed on 
the ground, clatter like pieces of iron when knocked against each other 
Thev often Mssume the most singular forms, 1 saw a pedestal of the 
earthy trachyte, covered by a hemispherical portion of a vein, like a 
great umbrella, sufficiently large to shelter two persons I have never 
met with, or seen described, any veins like these, hut xn form they 
resemble the ferruginous seams, due to some process of segregation, 
occurring not uncommonly in sandstones — for instance, in the New 
Red sandstone of England Numerous veins of jasper and of silu eons 
sinter, occurring on the summit of this same hill, show that there lias 
been some abundant source of silica, and as these plate-like veins 
differ from the trachyte only in their greater hardness, brittleness, 
and less easy fusibility, it appears probable that their origin is due to 
the segregation or infiltration of sihcious matter, in the same manner 
as happens with the oxides of iron m many sedimentary rocks ” ia 

Largely because of its sonority when struck with a hammer, Renard 
(page 00 of his paper) assumed that one of Ins specimens, collected by 
l)r Maclean of the Challenger Expedition staff, and labelled ** piece of 
clinkers/' represented one of these “ veins ” The locality of the 
specimen. Southwest Bay, and its mmerulogical composition show, 
however, that, this is a normal, chnkery phase of the basaltic lava and 
has nothing to do with the hard “ veins” m the trachytes 

Thin sections of the “veins” show, in fact, that Darwin was right 
in attributing them to the loud silu lfication of the normal trachyte 
The introduced silica is always quart* in nncropoikihtic form, exactly 
like that seen in some of the more normal trachytes The proportion 
of quartz by weight in the “ veins” has been roughly estimated as from 
15 to 25 per cent, or from five to ten or more times the amount found 
m the rest of the rock mass 

The free silica has not been introduced during the simple weathering 
of the trachyte, its formation is most probably to be ascribed to late- 
magmatic action After the effluent trachyte came to rest, its glass 
cooled and crystallized, with the generation of tensions analogous to 
those causing columnar jointing in lavas The magmatic steam 
escaped, preferably along the actual or potential partings so developed, 


13 C Darwin, Geological Observations, pp 51-52,2d ed , London, 1876 
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and from the \olatile solution the quartz was precipitated A little 
hematite seems to have been simultaneously formed, giving the char¬ 
acteristic reddish tint, often seen on the 14 veins ” The sihcified sheets 
are not true veins, they are merely parts ot the trachyte modified by 
fluids, presumably gaseous solutions, migrating along interfaces of the 
trachyte \ny fissures along the interfaces seem seldom to have 
had widths greater than a fraction of a millimeter 

It is not unreasonable to assume that the gaseous solutions respon¬ 
sible for the sihufication descrilx d wt re the same as those which have so 
notably affected the pvroxenes and am phi boles of the normal trachy tes 
The conu rsion of much or all of the acginte 01 i icbechite into pst udo- 
morphs of iron oxides and other substances has clear!\ fieen accom¬ 
panied by the It aching-out of silica from the original minerals, its 
late deposition, as micropoi kill tic quartz, at some distance m the 
rock might readily he expected 


Obsidians 

The obsidians c>t Vseension occur as projectiles and .is chilled, surface 
and floor phases of the true In tic flows Independent bodies of glass 
of large size, either extmsne or intrustw, weie not lound Whether 
in place or in the form of projectiles, the obseived, non-punneeous 
glass is c onfined to the region <k c upicd In the great ci domes of ti m h\ te, 
including the Riding School, Green Mountain, Wcathn Post-Devils 
Cauldion, and White Hill The projtctiles were sten to he particu¬ 
larly abundant m the truehytie breccias and tuffs undeilying the 
tracliy tic flows Tlu largest indmdual IkhIios of glass are those con¬ 
stituting parts of the floor phases ot the flows These phases are 
composed of alternating glassy and hthoidal lu\cis in the usual 
eutaxitic combination, obviously a flow-structure 

In his “Geological Observations ” Darwin de\ oted half of his chapter 
on Ascension Island to a minute description of the massive, laminated, 
and spherulitic obsidians His master!\ account is accessible to every 
reader and need not be repeated 

The massive obsidian is lustrous black to greenish black hy reflected 
light, and dark green by light transmitted through splinters In every 
thin section the gloss is charged with many slender, often luie-like 
needles of diopsidtc, green augite, with which, in some sections much 
rarer, small microphenocrysts of soda-orthoclase ore associated 



62 


IMLY 


Renard has quoted the essential facts from Darwin's description 
and has supplied the analysis of a Green Mountain specimen, given 
in column 1 of Table VIII Column 2 gives an anal} sis, by Rcimsch,of a 
“ Rhj ohthobsidian,” collected in the stream-course north of the Hiding 
School <’oluinns A and 4 giv e, respectively, Remisch’s determinations 
of silica and uatcr in a splieruhtie *'Rh> ohthobsidian” from the outer 
mantle of the Riding School, and in “Obsidmnknollen” collected on 
the “Kegebminter* of Green Mountain 
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Analyses 1 and 2 Imth fall in the dosodic subrang, kallerudose 
The specific gravity of a 20-< entmietcr, non-\ esic ular projectile, 
composed of \cr\ homogeneous black obsidian, containing about two 
per cent of augite needles, was found to hi 2 415 at 20° (’ Tilley 
obtained the density (grams per cubic c< ntimeter) of 2 435 for a speci¬ 
men of Ascension obsidian, louditv liemg unspecified 13 


XtNOUTHS ANl) PltOlH III fc.S O* Pu T U>MC-RO< K Ti I>Eh 

Even before the >ear 182S members of the naval garrison of Vscon- 
sion had observed puses of granite among the volcanic projectiles of 
the island The first published account of these seems to lie due to 
the surgeon, AAebster On page HI6 of his entertaining hook occurs 
the following passage “ There are various specimens of fragments of 
granite, and other primitive rocks, iouud scattered indiscriminately 
among the lava, or Iv mg m the beds of emders, and thov bear more or 
less the marks of the action of fire Smut of tilt species of granite are 
very perfect and complete, others are semi-calcined and brittle The 
quartz rock appears com erted into a mass like red sandstone Argil¬ 
laceous schist, and gras wacke, .mil svemtt are likewise found” 14 
Neither schist nor gravwatke were discovered bv the present writer 
nor, apparently bv anj other visitor to the island since* Webster's 
time, hence it seems likely that Webster mistook certain tuffs for the 
rocks m question 

Darwin’s later account ot the granitic fragments is readily ac oessiblc 
m his “Geological Observations”, it is summarized, and new data 
resulting from microscopic study have been added, bv Rcnard in his 
paper, already quoted 

Darwin collected Ins granitic specimens “in the neighbourhood of 
Green Mountain ” Granitic projectile s are relatively abundant in the 
basaltic tuffs crossed In the switch-back road to the summit, bctw’een 
the 1350-foot and 1500-foot contours, that is, below the 5-mile post 
on the road Artificial cuttings furnish good exposures of these tuffs, 
from which the presc nt writer took a number of angular to subtfugular, 
coarsely granular fragments, mixed with larger blocks of porphvritie 
trachyte The former range from two to ten centimeters in diameter 


13 c E filley, Mine rolug Mag , 19, 27 r >, 1922 

HW H B Webster, Narrative of a Vo>age to the Southern Atlantic Ocean 
in the years 1828, 1829, 1830, performed in H M Sloop Chanticleer, 2, 316, 
London, 1834 
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One specimen is light gray to white, speckled with many small 
lustrous black ainphiboles The gram is medium to fine Tinder the 
microscope the rock is seen to be made up of rtueroperthite, soda- 
orthoclusc (a little ohgodase in one thin section), quartz, and a highly 
pieochroic nmphihole Magnetite, apatite, and rare zircons are acces¬ 
sories The quartz occurs as isolated, interstitial grams and also to a 
considerable extent in micrographic and also poikilitic relations to the 
feldspars The ainphibole has enormous absorption, 'with the follow¬ 
ing scheme of colors for sections of the usual thickness a, yellowish 
brow n, b, very dot p brown t o opaque I duck, c, dot p I >rown b > C > a 
The colors and double refraction recall aomgmatito, but the extinc¬ 
tions measured on elenvugc plates (110) are never mart than two 
degrees The absorption sthenic and the abnormal extinction angle 
may possibly be connected with the reheating and oxidation of a 
normal hornblende after the granite became immersed in the basaltic 
magma in depth ( Schneider and M Belowsky ha\o induced both 
kinds of change in iron-rich amplubole by artific ial heating 15 

At the same locality' othir specimens of hornblende granite, pinker 
m color arid less charged with mieropegmatiU, w'ere also found 

On the trail which contours The Peak on the north side, specimens 
of augite-homhlcnde-quartz syenite, olivme-poor gabbro, and typical 
augite-biotite dionte were collected from the basaltic tuff of The Peak 
The quartz syenite earnes a small amount of ohgodase, like all the 
other syenites, it is nearly a quartz-poor equivalent of the granite 
above described 

The trachy'tic tuffs of Green Mountain likewise yielded many 
angular fragments of granular locks, especially on the southern slope 
of the Middleton Peak ndge The largest fragment collected measures 
about 10 centimeters in diameter Microscopic examination showed 
representatives of the following types 

1 Alkaline homblende-biotite granite, light pinkish gray, medium- 

grained, rich in nneroperthite 

2 Brownish to pinkish gray, strongly uuarohtic hornblende syenite 

with accessoiy quartz — a quartz syenite 

3 Pinkish gray augite-homblende-quartz syenite, transitional to 

granite 


15 See H Rosenbusch and £ A Wtilfing, Mikroskopisohe Physiographic der 
petrographiseh wichtigen Mmeralien, 4te Auftage, Bd 1, 2te Hbute, p 234, 
Stuttgart, 19Q5 
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4 Light greenish gray, medium-grained, sahc dionte, transitional 

to monzomte, altered, probably earned mucli original augite 
and biotite, now represented by uralite and chlorite 

5 Light brownish gray, mottled, sugarj, miarolitic augite-horn- 

blende dionte 

6 Typical olivine gabbio 

7 Typical ohvine-free gabbro 

8 An unusual oh vine-free gabbro, made up of highly automorpluc 

augite and labradonte, embedded m an opaque black cement, 
which is almost unaffected b t \ a magnet and is probably 
llmenite 

9 Topical coarse-grained wchrhtc 

Granitic boulders of the kinds above described occur in the gravel 
streams of the mam vallevs north of Green Mountain 

In tin massive trachyte of “The Crags" dome a single, angular 
inclusion of granite was found It measured five centimeters in 
greatest diameter This rock closelv resembles the alkaline horn¬ 
blende gramtt from the basaltic tuffs of Green Mountain The feld¬ 
spars are microperthite and orthoclase, the hitter being surrounded 
by thick shells of soda-orthoclase The amphibolc is apparently 
identical with the abnormal vanetv, just described, m the projectile 
from the basaltic tuffs of Green Mountain Brown biotite is a rare 
accessory in the \enohth 

Many angular and subangular xenoliths of gabbro were discovered 
in the scoriaceous flows of basalt which issued from Dark Slope crater 
These fragments of plutonie character range from a few centimeters 
to 50 centimeters or more in diameter Vll arc* dark gray to deep 
green gra>, medium-grained to rather coarse-grained even for gabbros, 
and more or less friable This weakness of the material is not due to 
weathering, but doubtless to the loosening ot the original fabric by the 
second heating Probablv more than half the xenoliths seen are 
typical olivine gabbros Also numerous are olivinc-free gabbros, 
which differ among themselves, some bearing essential diallage, others 
a diopsidic augite without the duillagic parting, and still others con¬ 
taining both kinds of pyroxene Throughout the series the feldspar 
averages close to bv towmte, Abas with but small variations from 
the mean 

The specimens from the Dark Slope cone were collected in the failing 
light of the dusk Several very friable inclusions were then, under 
the poor ftmditions for observation, thought to l>e granitic That 
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conclusion was stated in the writer’s preliminary account of his 
visit to the island 16 When later the rock collection was unpacked, it 
was found that no quartz-beanng specimen from Dark Slope was 
included Hence it is now doubtful that granitic xenoliths actually 
occur in these basaltic flows 

The whole list of granular projectiles and xenoliths in the writer’s 
collection thus includes 

1. Alkaline amphibole granite, both with and without micropeg- 

matite 

2. Alkaline homblende-biotite granite 

3 Pyroxene-homblende-quartz syenite 

4* Hornblende syenite, verging on quartz syenite 

5 Monzonitic dionte 

6 Typical augite-biotite dionte 

7 Typical augite-hornblende dionte 

8. Augite gabbro 

9 Abnormal augite gabbro with llmemtic mesostasis (free from 
olivine) 

10 Typical olivine gabbro 

11 Typical olivine-free gabbro 

12 Typical wchrhte (pendotite) 

Renard desenbes the following additional types among the pro¬ 
jectiles studied by him 

13 Biotite granite, bearing some imeropegmatite 

14 Biotite-beanng “ diabase ” 

15 Enstatite-beanng, olivme-frec gabbro 

All of the salic fragments are fntted and brittle, and some of them 
cany small, irregular ribbons and droplets of brown glass, showing 
incipient fusion In most cases the essential minerals are murky with 
fluid and glassy inclusions, cleavages are unusually well developed, 
probably because of the reheating 

If any of the granular rocks were notably strained, or gneissic 
through metamorphism in the 9 ohd state, one could be reasonably 
certain that those fragments were derived from an older terrane under¬ 
lying the great cone of Ascension, at a depth of 2500 or more meters 
below se&-level However, the visible evidences of strain — undulose 


ie See Geol Mag , 59, 149, 1922 
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extinction And moderate fracturing of the minerals, especially quarts — 
are of the kinds expected because of heating in the volcanic vents 
Hence it is not easy to decide the question whether or not all of the 
granular rocks are deep-seated phases of the magma represented in 
the exposed part of the Ascension cone The gabhroid, diontic, and 
wehrhtic xenohths and projectiles are most readily explained as 
plutomc phases or differentiates of that magma The problem of the 
more salic fragments is more widely open 

The granites and syenites are tnmeralogtcally and chemically allied, 
all of them being of alkaline types and usually rich m microperthite 
or soda-bearing potash feldspar Their consanguinity is further sug¬ 
gested by an essential mineral in common, hornblende, and by the 
occurrence of transitional \aneties, the quartz syenites Probably, 
therefore, all these salic fragments originated in a single mass, or a 
number of syngenetic masses, of plutomc rock All of them are chemi¬ 
cally and mineralogically quite different from the trachytes and quartz- 
trachytes (rhyolites) of the island, and it is hard to believe that the 
granites and syenites are merely deep-seated differentiates, syngenetic 
with those salic phases of the surface la\ua Though many coarse¬ 
grained fragments of aegirite-liearing, porphyntic trachyte, approach¬ 
ing syenite porphyry, accompany the granular fragments, not one 
represents a transition between the true syenite and the trachyte On 
the whole it seems most probable that the granitic and syenitic frag¬ 
ments were derived from an older ter rant on which the Ascension cone 
rests 

If the granite is a " continental rook/’ as it appears to be, the early 
discovery of these quartz-beanng projectiles at Green Mountain, 
corroborated by Darwin and later \isitors to the lsliind, is obviously 
important That discovery has been thought to support the views of 
those who believe the Atlantic basin was formed by the foundering of a 
vast block of a primitive continent On the other hand, if granitic, 
"continental” terrenes enter into the composition of the mid-Atlantic 
swell, on which Ascension is built, the swell itself might with as much 
plausibility be regarded as the zone of parting and crustal readjust¬ 
ment when America and fiurasia-Afnca slid away from each other 
Truly this newer explanation of the Atlantic basin faces difficulties, 
but they seem to be no more portentous than those facing the older 
hypothesis, which, for example, has never been brought into agreement 
with the principle of isostasy 

Quite recently Lacroix ha9 published an account of the discovery 
of biotite granite, quartz-aegmte syenite, and nephelite syenite, 



DALY 


W 

occurring as pebbles and larger detached blocks on Kerguelen Island 17 
This island, dominantly basaltic but bearing some phonolite, is situ¬ 
ated on the site of Gondwanaland m the open Indian ocean — a posi¬ 
tion analogous to that of Ascension in relation to the former land 
connection between Africa and South America The la\as of Ker¬ 
guelen, in which no qu&rtz-lieanng phases have been described, appear 
to be chemically more like those of Saint Helena than the lavas of 
Ascension, but the parallel between Ascension and Kerguelen is suffi- 
cientlv close to suggest that the origin of the quartzose, granular 
rocks is in each case connected with those events that have led to the 
formation of a relatively young ocean basin 

Order of Eruption 

In many instances the trachy tic bodies have been proved to rest 
upon, or to have penetrated, older rocks of basaltic habit That 
this is a perfectly general relation is reasonably inferred from (1) 
the stratigraphic farts ascertained at Green Mountain, Riding School, 
the southeast end of Sisters Peak group of cones, Weather Post, White 
Hill, and Little White Hill, and (2) from the presence of basaltic 
xenohths in the trachytes of Cross Hill, Riding School, Green Moun¬ 
tain, W T hitc Hill, Dev ils Cauldron, the “ Dnp M dome, and Ragged Hill 

On the other hand, the trachytes are overlain by, and thus older 
than, some of the rocks of basaltic habit Among the specially dear 
examples are those at Green Mountain (The Peak basaltic tuff built 
up on a trachytic wreck), Cross Hill (basaltic tuff and flows resting on . 
a trachytic dome), the “ Drip” dome (largely covered by basaltic tuff 
and lapilli), and Ragged Hill (dome flooded at its base by basalt flows) 
The young basaltic tuffs of Cross Hill, The Peak, and Green Mountain 
in general carry fragments of trachyte 

All of the visible bodies of trachyte were obviously erupted at a very 
late stage of the growth of the Ascension composite cone, of which at 
least 95 per cent is below sea-lev cl The absolute lengths of time 
separating the trachytic eruptions cannot lie very great Possibly, 
indeed, the visible trachytes were all generated during one, compara¬ 
tively brief period in the history of the Ascension magma Their 
differentiation may thus have been quite contemporaneous, though the 
actual eruptions may not have been contemporaneous Definite 
proof of difference of age umong the trachytes could not be found 


17 A Lu<roi\, Comptes Iterulu*, 170, lid, 1024 
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except in the fact that some of the domes appear to be more weathered 
than others Allowing for this, one may still be justified in assuming 
that there may have been a distinct trachytic period m the evolution erf 
the Ascension composite The small amount of rhyolitic magma 
demonstrated in the island is clearly contemporaneous with the 
accompanying and much more voluminous trachytes 

As already remarked, the xenoliths and tuff-fragments of plutomc 
rocks arc doubtless of different ages The gabhm and pendotitic 
xenoliths of the Dark Slope flows are most simply regarded as relatively 
young, deep-seated phases of the basaltic magma which has built up so 
great a part of the Ascension cone The granitic fragments of the 
tuffs are considered to be df rivatives from the basement on which that 
cone rests, and the same mav be assumed with some probability m the 
case of the syemtic fragments, though one cannot definitely exclude 
the hypothesis that some of these represent deep-seated phases of the 
young trachytic magma 

The sequence of the volcanic rocks in Ascension is like that registered 
in many other regions where ulkalme trachytes have been found It 
is worth while to review some examples 

1 Glangeimd’s notable monogiaph on the puys ot the Auvergne 
conveniently summarizes the obser\ utions of many musters, including 
his own observations, on those celebrated volcanoes In many respects 
the (’lassie French group is like the assemblage of vents and masses m 
Ascension There too basalt flows antedate the trachytic eruptions 
At each of four of the puys extrusion of trachytic lava was followed by 
extrusion of younger basaltic lava At the Pu} dcs Gouttes pyro¬ 
clastic beds of trach>tie and basaltic lava material alternate 18 

2 An analogy is seen in the Vela}, where the trachyte of Queyriferes 
forms flows between older basalt and youngi r, black andesite 19 

3 In the Cantal the order of eruption is from basalt, through 
trachyte, to andesite, and, fin«ll>, flooding basalt 30 

4 According to Harktr the effusive trachyte of Sk>e has a strati¬ 
graphic position in the midst of the great Tertiary series of basalts of 
that island 31 

5 In the German W esterwald the sequence, ironi oldest to youngest 
is basalt, trachyte, andesite, basalt 32 


18 P Glangeaud, Bull 135, Service carte g£ol de la France, pp 47-48,1013 
1®P Teraner, Bull 13, Service < arte g&il de la France, p 6,1890 
20M Boulc, Livret-guide, VIII" Congr& gftif mternat, part 10, Pans, 1900 
21A Harker, Tertiary Igneous Rocks of Skye, pp 56-57, Glasgow, 1904 
22G Angelbis, Jahrb preuss geol Landeaanst , 3, xlv, 188.1 
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6. According to Holmes the Tertiary lavas of the Sanhuti district 
of Mozambique were erupted m the following order ordinary basalt, 
trachytoid phonohte, picritic basalt 28 The sequence is thus analo¬ 
gous with the other case 4 * 

7 Tlie very extensive eruptions of Soraah Land occur in the follow¬ 
ing order oldest, porphyntic basalts, then pantellentes and soda- 
nch rhyolites, youngest, dolentic basalts 24 

8 In central Madagascar eruptions of basalt precede and follow 
those of trachyte and phonolitic trachyte aB 

9 The Cenozoic lavas of the state of Victoria, Australia, were 
erupted m the order basalt, trachyte, basalt 28 

10 Stissimlch states that the late-Tertiary phonohtes, alkaline 
trachytes and allied types of New South Wales were preceded and 
followed by flows of normal basalt 27 


Petrology. 

Average Composition of the Types of Lava; some Compari¬ 
sons For convenience in discussing the genetic relations of the 
Ascension rocks the available chemical analyses have been assembled 
in Tables IX and X 


83 A Holmes, Quart Jour Geol Soo , 72, 231,1917 

as H Aroandaux, L'etude des roches alcalmes de rEst-Afncain, p 10, Pans, 
1906 

86 A Lacroix, Coraptea Aendus, Acad des Sciences, 164 , 315-316, 476,1912 
86E W Skeats, Presidential Address, Australian Assoc Adv Science, 12 , 
173 1909 

8^C A Sttssmilch, Presidential Address, Jour Roy Soc New South Wales, 
67 , 36,1923 
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TABLE IX 

Analyses of Femic Rocks of Ascension Island 



1 

2 

3 

4 

5 

6 

SiOi 


48 64 

52 K7 

51 18 

54 04 

58.00 

TiO, 

m 

3 52 

2 01 

134 

0 94 

3.38 

AW3, 

RES 

15 54 

tflrtH 

21 41 

10 58 

1492 

F<*0, 

2 20 

5 31 

4 54 

4 HI 

5 09 

173 

FeO 

0 93 

7 71 


3 32 

3 75 

578 

MnO 

017 

0 17 

0 37 




MgO 

7 15 

4 96 

3 92 

1 75 

1 99 


CaO 

10 02 

9 03 

7 32 

H5H 

5 54 


Na<0 

2 87 

3 HO 

461 

4 72 

4 70 


K«0 

0H4 

124 


3 53 

348 

2 70 

HjO— 

000 

0 Hi 


1 08 

l 16 

f 009 

H,0+ 

0 10 

OIK 


10.31 

P.0, 

0 59 

0 04 


0 48 

0 31 

0 71 

CO, 

004 

0 03 




• 


100 «0 

100 75 

100 41 

99 08 

1(M) 58 

10040 

Sp RT 

2 09 

2 97 

2 84 

(2 58) as 

(2 06)®* 

208 


1 Olivine basalt, flow of the Southwest Bay group (Vassar, analyst) 

2 Olmne basalt. Cricket Valley (Vassar, analyst) 

3 Trachydoleritic basalt, South Red Crater (Radley, analyst) 

4 Tr&chydolente, cone at Landing Pier, Georgetown (Reimsch, analyst) 

5 Trachydolertte, Hayes Hill (Remisch, analyst) 

6 Trachyandesite, fissure-eruption at Southeast Head (Washington, analyst) 


M Determined from specimens collected by the writer and not from (hose 
analysed 
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TABLE X 

Anai ysks of Sauc Rocks of Asccnsion Im and 



1 Trachyte of Ragged HiU dome (Vaasar, analyst) 

2 Trachyte of Southeast Head (Washington, analyst) 

3 Trachyte of Cross Hill, quarry (Remisch, analyst) 

4 Trachyte from a point half-way up Green Mountain (Remisch, analyst) 

5 Trachyte from a point ‘‘north of Dark Slope” (Rcimscb, analyst) 

6 Rhyolite (quartz trachyte), flow from White Hill (Radley, analyst) 

7 " Trachyte ” from Weather Post (Klement, analyst) 

S Pumice from foot of Riding School cone (Remisch, analyst) 

9 " Alkahtrachyt-Perht,” from stream-course north of the Riding School 
School (Remisch, analyst) 

10 Trachytic tuff, southwest part of the Riding School (Remisch, analyst) 

11 Obsidian from Green Mountain (K)ement, analyst) 

Column 1 of Table XI gives the average of the analyses of Asoension 
basalts, which may be compared with the average plateau basalt, with 
the average of 108 basalts (including some plateau basalts and many 


M Includes 3 17 per cent of salts soluble m water 
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from central eruptions), and with the a\erage basalt of Hawaii. 
Columns 1 and 2 of Table Xll permit similar comparison with the 
average basalt of Tutuila Island m the Samoan chain of \oleanoes 
(five analyses by H S Washington, gnen in the writer’s “Geologx of 
Vtnencan Samoa,” Pub No MO, Carnegit Institution of W ashington) 


l \B1 E XI 

C'OMI MtlSON Of \VLIi\M' ASAMHKS Of H AHA ITS 



l 

2 

1 

4 

SlOa 

49 OK 

49 n 

49 S7 

49 04 

TiO, 

2 70 

2 59 

1 IS 

2 92 

AIjO# 

16 11 

14 05 

15 96 

1164 

F<-/)» 

4 02 

1 *10 

5 47 

2 99 

FeO 

7 47 

9 94 

6 47 

s SO 

MnO 

24 

21 

12 

12 

MgO 

r > 11 

0 16 

0 27 

H 53 

CnO 

K7K 

9 71 

909 

9 52 

Na*0 

170 

2 90 

116 

100 

KaO 

1 11 

1 00 

1 55 

SO 

p*o* 

5S 

47 

46 

49 


100 00 

hk) oo 

too 00 

UK) 00 


1 Average of three basalts from Aset nsion Island 

2 Average of fifty analyses of plateau basalts, including cle\en Dtteivn basalts, 

six Oregon basults, and thirty-three Thulean basalts (from H S W uslungton. 
Bull (»eol Sot America, 38, 797,1922) 

3 Average of 19K analyst s of basaltir rocks, publishcd befon tht vtar 1910, world¬ 

wide distribution 

4 Average of hfty-four analysts of mahe rocks m Hawaii, weighted as follows 

equal weights given to respective a\ crapes of twelvt from Kohala, twelve 
analyses from Mauna Kea, si\ anal} w s from Hualalai, thirteen analyses from 
Kilauea, and eleven analyses from Mauna Uni (See H S W ashington ref¬ 
erence under "2") 

Note all averages calculated as water-free and to 100 per cent 

The degree of similarity of all these averages illustrates once more 
the relative uniformity of common basalt throughout the world 
Thu material may vary m composition somewhat as it is traced from 
its position beneath the continental crust to its position beneath the 
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sub-Pacific crust, but these variations are too slight to have yet been 
detected with full certainty However, it seems clear that the erup- 
tible part of the Sima is everywhere of basaltic character 
The proof of the existence of common basalt in Ascension is an 
important fact which must modify the impression given by a state¬ 
ment of Reinisch, who, working with a relatively small collection of 
specimens and without the advantage of a prolonged reconnaissance 
of the island, announced that all of the specimens collected in Ascension 
by the Deutsche Sudpolar Expedition are "durchweg Alkahgesteine” 
{page 646 of his paper) According to the general consensus of opinion 
among petrographers, the basalts of Ascension have both chemical 
and mineralogical characters which must place them in the calc- 
alkahne or subalkalme group of rocks 

TABLE XII 

Comparison of Ahonhion Lavas with ihosk of Tutl'ii a, Samoa 



l 

2 

3 

4 

6 

0 

7 

m 

SiOi 

40 OK 

48 44 

52 63 




7173 


TiQi 

2 70 

4 29 

2 00 

299 



25 

26 

AljOj 

16 Id 

13 27 

16 61 

16 66 



12 82 

12 73 

FbjOi 

402 

406 

4 52 

280 



.160 

Krai 

FeO 

7 47 

8 27 

4 77 

5 67 

1 12 

133 


28 

MnO 

>4 

r> 

37 

07 

22 

05 

29 

06 

MgO 

5 33 

8 21 

3 01 

3 39 

27 

29 

18 

04 

CaO 

8 78 

7 72 

7 29 

5 58 

107 

162 

60 

50 

Na*0 

370 

3 47 

461 

4 24 

636 

5 36 

5 31 

5 77 

KtO 

1 31 

155 

2 05 

238 


4 47 

4 77 

528 

HjO 



70 

263 

01 

64 

35 

25 

P*Oi 

58 

57 

52 

1 25 

09 

10 

05 

None 


10000 

10000 


! loaoo 




B3 


1 Average of three analyses of Ascension Island basalts, calculated as water-free 

2 Average of five analyses of Tutuila Island basalts, calculated as water-free 

3 Trachydolentic basalt from Ascension Island, one analysis 

4 Trachydolentic basalt from Tutuila Island, one analysis 

5 Average of five analyses of Ascension Island trachytes 

6 Average of two analyaea-of Tutuila Island trachytes 

7 Quarts trachyte (rhyolite) from Ascension Island, one analysis 

8 Quarts trachyte (rhyolite) from Tutuila Island, one analysis 
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In Table XII, columns 1,3,5, and 7, are entered the average analyses 
of the important types of lava m Ascension The variation is sys¬ 
tematic and is strikingly parallel to that shown in the overages of 
Washington’s analyses of the rocks of Tutuila, Samoa (columns 2,4,6, 
and 8) The volcanic complex of the island m the western Pacific 
thus exemplifies the same process of differentiation as the process 
responsible for the variety of lavas m a mid-Atlantic island The 
table suggests that trachydolerite and trachyandesite represent stages 
in the development of trachyte from basalt Attention ma> therefore 
be concentrated on the problem of the origin of trachyte 

Leading generalizations which apparently should govern thought on 
this subject, including facts already noted, are 

1 The close time and space relations of eruptions of trachyte and 
common basalt, 

2 The usual insignificance of trach> te in volume when compared 
with the accompanying basalt, and, a fortiori, when compared with 
any one of the basaltic plateaus, 

3 The existence of trachydolerite and other volcanic species, 
transitional from basalt to trachyte, 

4 The alternation of eruptions of trachyte and basalt at central 
vents, 

5 The non-existence of great fissure eruptions of trachyte, 

6 The observation that trarhytic eruptions at central vents seem 
to be generally preceded bj long periods of dormancy, 

7 The common heralding of trachytic eruption by major explosions, 
which show that much hot gas had accumulated at the top of each 
column of trachytic magma, 

8 The great rarity of ordinary bubble-vesicles in trachytes, except 
in quite subordinate, puraiceous phases, 

9 The high viscosity of trachytes, with resulting tendency for the 
formation of endogenous domes or crater-fillings as well os short, thick 
flows, 

10, The correlated fine gram of most trachytes, 

11 Repeated instances of transition from trachyte to more rhyolitic 
lava, and, in other regions, to phonolite, 

12 The rather common development of micropoikihtic quartz in 
trachytes, 

13 The not uncommon association of trachytes with hinburgites 
and other highly mafic lavas 

The rules numbered 1,2,3, and 4 are obviously obeyed at Ascension 
and have already been emphasized Few other regions illustrate more 
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clearly, or with so many examples, intimacy between trachyte and 
basalt 

In the nature of the* case the fifth rule cannot be well tested by the 
data from a single island On the other hand, practically all of the 
traehytie bodies of Ascension have issued from central vents, suggest¬ 
ing, here as elsewhere, that the formation of trachyte is connected 
with processes operating in volcanic pipes 

A word may hr added concerning rules 6 and 7 Wherever the base 
of a traclntic flow could be seen in the island, that flow was seen to 
rest on an explosion-breccia, which includes fragments of both trachyte 
and the older basalts The corresponding explosions are most reason¬ 
ably dated at times immediately preceding the respective outflows of 
the massive trachyte Similar examples have been recently mapped 
by the writer in the island of Tutuila, Samoa The accumulation of 
sufficient gaseous pressure at each of these central vents logically 
demands an earlier, prolonged period of dormancy 
With few exceptions, rules 8, 9, and 10 appear to be general for the 
world 

From their field relations the rhyolitic obsidians of Ascension are 
thought to represent a segregation of small volumes of silica-rich 
magma at the tops of the < olumns of trachyte in the magmatic state 
Thus, along with the abundant water-gas and other gases which were 
assembled just under the volcanic plugs during dormancy, silica was 
somewhat concentrated The result has been the formation of a 
quartz-trachyte type of obsidian approaching the tomondites and 
pantellentes in composition 

The local development of phonolitu, nephelite-beanng phases in 
trachyte, like that reported bv Washington from Monte Ferru, 
Sardinia, has not been observed in Ascension so 
Even after eruption the Ascension trachyte was affected by the nse 
of silica-hearing solutions, which were responsible for the mieropoikil- 
ltic quartz, so often seen in the main body of a traehytie flow and, still 
more abundantlv, in the sihcified interfaces already described In 
largest part the volatile part of these solutions was probably water 
So far as known, the island bears no visible picritic, limburgitic, 
or other ultra-mafic lava The wehrhtio fragments m the traehytie 
tuffs of Green Mountain represent the only analogy to these types 
vet discovered 

The foregoing brief review of the relative quantities and the chemi- 


S°H 8 Washington, Arner Jour Science, 99 , 514, 519, 1915 
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cal, structural, and temporal relations of the Ascension lavas can 
hardly fail to suggest a conclusion as to the origin of the salic types 
basalt is the source magma, trachyte, its derivative There appears 
to be no ground for assuming a special §t alkaline” basalt, rather than 
common basalt, as the primary magma 
The development of rhyolitic phases at the tops of the trachytic 
columns of magma indicates gravitative separation of the units of 
differentiation, whether solid or fluid Gravity so dearly controls 
the differentiation of intrusive magmas that one is justified in postulat¬ 
ing its great importance at Ascension, though, as at all volcanic centers, 
full and direct evidence is not to be expected 
The theory of pure fractional crystallization, winch premises the 
gravitative removal of solid phases with fall of temperature, has usually 
been phrased in terms of an initially liquid system, uniformly cooled 
in all parts However, magma resting in the earth’s crust is not likely 
to cool at a uniform rate m cither vertical or horizontal planes The 
more rapid! > chilled phase near the contact should undergo some 
fractional crystallization before the central part of the magma has 
been at all crvstullifced because of cooling The residual liquid of the 
peripheral phase is less dense than the original magma, which therefore 
tends to replace the new liquid phase, driving it upwards in the magma 
chamber The result is a kind of convection in the chamber, concen¬ 
trating increasingly salic liquid at the top Tins vertical motion of 
the residual liquid is a secondary but important consequence of the 
sinking of the earh-formed crystals The shape of the chamber, 
especially the inclination of its walls to each other and to the vertical, 
is likely to affect the speed of the concentration of the residual liquid 
If the magma chamber in which trachyte has been developed has in 
depth a cross-section considerably greater than the cross-section of the 
pipe filled with trachy te, the original magma vertically below the pipe 
would be relatively Uttle effected by the sinking of crystals The 
extrusion of the trachy te must lie accompanied by the rise of this basalt, 
which may soon follow the trachytic magmu to the earth’s surface 
Herein perhaps may be a basis for explaining the observed sequence — 
basalt, trachyte, basalt —at Green Mountain and at Cross Hill 
The trachy andesite flooding the trachyte of Southeast Head may 
represent the lower, more femic phase of the same body of differentiated 
magma which first welled out as trachyte; or the trachy undcsite may 
be a new differentiate of basalt, following up the erupted trachyte 
A choice between these alternatives does not seem possible In either 
cose, however, the relation of the trachy andesite to the trachyte does 
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not offer any special difficulty for the theory of fractional crystal* 
lization 

Pyroxene andesites appear to be direct differentiates of common 
basalt and they are much more voluminous than trachyte This 
fact has suggested that the differentiation of trachyte may be due to 
a condition not normally dominating at basaltic vents of the central 
type The condition described has been speculatively found in the 
special concentration of volatile constituents, notably water and 
carbon dioxide, at trachytic vents It is reasonable to suppose that 
water-gas and carbon dioxide may be absorbed by magma from the 
walls of its chamber, and the writer is inclined to favor the hypothesis 
that resurgent gas is a leading factor in the differentiation of highly 
alkaline phases 

That the trachytes are commonly, if not always, associated with the 
rise of much volatile matter into volcanic pipes is indicated by the 
high explosiveness of the upper part of each column of trachytic 
magma Just before eruption the lower, greater part of each column 
is apparently quite poor in dissolved gas, as shown by the high vis¬ 
cosity and the fine grain of all the trachytes and by the general lack of 
bubble-vesides in domes and flows of trachyte Thus the gases seem 
to have continued to stream upward through the column The com¬ 
mon phenomenon of feldspathizution of the country rocks at plutonic 
contacts suggests that feldspathic material will be dissolved with the 
gases, earned to the limit a trachytic magma would result 

If the Ascension trachytes originated m that way, their differentia¬ 
tion must hn\e taken much time and the emanating gas must have 
had great total volume The xenohthic granite in the trachyte of the 
Crags dome and the granitic fragments in the agglomerate of Green 
Mountain were probably denved from the terrane underlying the 
Ascension cone If so, the trachytic magma stood in columns perhaps 
2,000 meters high Like most eroded volcanic necks, these column* 
doubtless had small cross-sections to considerable depths To supply 
the material for any one of several domes and outflows, such as Weather 
Post and Southeast Head, the slender columns must have been long, 
possibly measuring more than 2,000 meters vertically 

To permit of such drastic differentiation on the large scale, in spite 
of the comparatively rapid loss of heat along the walls of each vent, 
an abundant upward stream of fluxing gas, active for a long tune, 
seems to be essential Moreover, to lie effective, the rising gas must 
itself have hod a decidedly high temperature That all of this go* 
did not directly escape into the air is shown by the rule of explosion 
just before most, if not all, of the trachytic eruptions took place. 
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The study of the Ascension trachyte has thus led to a sympathetic 
reception of the following hypotheses (1) that the trachyte is a differ* 
entiate of common basalt, (2) that the differentiation has been depend¬ 
ent upon the upward movement of fluids, both liquid and gaseous; 
and (3) that the active gas, probably water-gas, was largely of resurg¬ 
ent nature, that is, derived from the rocks surrounding the vanoua 
vents These hypotheses are consistent with the view that fractional 
crystallization has also played an important rdle m the generation of 
the salic magmas from basalt No evidence of induced liquid unmisci- 
bility in the basaltic magma has been discovered, but the writer is not 
prepared to deny its participation On the other hand, fractional 
crystallization under the conditions of nature (see page 77) seems to 
imply the progressive, giavitntive separation of liquid phases, even if 
those phases are perfectly miscible 


Summary. 

Darwin*s account of Ascension Island is accurate and thorough to- 
such a degree that all later descriptions must be m a sense but supple¬ 
mentary to his Yet modem volcanology and petrology demanded a 
considerable addition to Darwins picture The staff of the Chat- 
huger, Renard, Prior, the staff of the Deutsche Sudpolar Expedition, 
and Remiseh ha\e filled many gaps, but more detailed mapping and 
further chemical study of this remarkable island have remained highly 
desirable The reconnaissance map, Plate T, and seven new rock 
analyses, by Washington, Vassar, and Radley, arc* among the principal 
contributions of this paper 

The types of lava are now seen to include a chemical senes begin¬ 
ning with common olivine basalt and pussing through olivine-free 
basalt, trachydolentic basalt, trach>dolerite, andesite (?), and trachy- 
andesite to alkaline trachytes and alkaline quartz-trachyte (“rhyo¬ 
lite") The series is in principle identical with that recently demon¬ 
strated for the volcanic composite at Tutuila, Samoa, thus illustrating 
the rule of one law m the differentiation of la\as, whether this took 
place at a mid-Atlantic center or at an almost antipodal center in the 
western Pacific 

The most striking features of Ascension are a dozen endogenous 
domes or crater-fillings of trachyte (with occasional quartz-trachyte 
and obsidian phases), some of which have magnificent outflowing 
tongues of the same lava The recency and largely unmodified forms 
of these eruptions gi\e them special importance m connection with 
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tht problems of origin and emplacement of trachy tes The intimacy 
of the association between the trachytes and common basalt is very 
evident A po sible mode of the dern ation of the trachyte from 
basaltic magma, ounded on a modified fonn of the fractional-crystal¬ 
lization theory, 1 irefly sketched 

Among the mo » letailed results of this in\ estigation may lie men¬ 
tioned the evidence of pronounced vertical, axial subsidence of the 
Ia\a columns m tiie Riding School, “Pnp,” and East Craters, the 
suggestive sliding phenomenon connected with the basaltic flows, the 
description of the spectacular fissure-eruption of trachyandesite at 
Southeast Head, the listing of fifteen plutoruc types, including quartz- 
bearing species, among the volcanic projectiles, the discovery of 
xenohthic granite in the trachyte of “The Crags” dome, with its sug¬ 
gestion of the considerable deptli at which trachyte is differentiated in 
a \olcanic pipe, the enforced emphasis on the problem of sihcified 
interfaces and of lmcropmkihtic quartz in the trachytes, the repeated 
proofs that ordinary vesicles of bubble form are absent from the greuter 
part of each traclntic mass, m**ny new illustrations of the high ms- 
cositv characterizing trachytic magma at the tunc of its eruption, 
and the repeated occurrence of “rhyolitic” obsidian and pumice in 
siu h relations as to show that the trachytic magma in each vent was 
cappal bv a speciallv sihcious and hydrous, explosive solution 

Tlie compilation of significant data from the writings of Renard, 
Prior, and Reimsch along with the new findings have lengthened this 
paper, but have clearly increased its value for petrologists who desire 
n record of all trustworthv chemical analyses of the \stension locks 

Harvard University 

Cambridge, Massachusetts 
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PLATE I 


Geological Sketch Map of Ascension Island 
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PLATE II 


Figure A Panorama of Ascension Island, looking southeast from 
anchorage at Georgetown , from photograph 

Figure B Looking west from Green Mountain rood, left, lower slope of 
Lady Hill, middle. Cross Hill, right, young basaltic flow which issued from 
base of Sisters Peak 
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PLATE III 


Floras A Sisters Peak (right) and East Crater (left), seen from Gov¬ 
ernor’* house. Cross Hill 

Ftarav B Young baaaltio flow which issued from a vent west of East 
Orator. Looking north from Cross Hill, Pyramid Pomt in the distance, 
calcareous-sand beach of Clarence Bay in foreground 
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PLATE IV 


Panorama from a low level on Green Mountain, showing various craters, 
Bears Back, and a young basaltic flow from Sisters Peak (midground), slope 
of Thistle Hill, left, foreground 




PLATE IV 


Panorama from a low level on Green Mountm, showing various craters, 
Beam Back, and & young basaltic flow from Bisters Peak (nudground), dope 





PLATK V 


Figure A ('harnttermtu rough, construe tional surface of \ oung basaltic 
flow, (lifted In the waves 

Ftuuit* H Hormto-hki conelcts on back of young banal tu flow, near 
W lreless Station 




PLATE V 

Figure A Chorac tenstic rough, constructional surface of young basaltic 
flow, cbffed b> the waves 

Figure li Hornito-Iike rouelet# on back of young basaltic flow, near 
Wireless Station 
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PLATE VL 


Figure A Weathered-out whcious “veins’ in trachyte, top of Ragged 
Hill dome, undercutting of the softer trachyte by the wind 

Figure B Rough flat-lying. sihcious “vein" projecting from the softer 
trachyte, Riding School, the hoodoo-like form is about two meters high 
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PLATE VII. 

Little White Hill dome of trachyte, standing m nearly circular crater-run 
of basaltic material (twdground and foreground) white Hill dome of 
tmehyte in the background, left Traced from photograph. 
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PLATE VIII 

Looking east from near Cricket Valley to (left) White Hill dome of 
trachyte with overflow, (midground) Wig 31U dome of trachyte mantled with 
the basaltic "wig”, (background) Southeast Head dome of trachyte flooded 
with thin flow of trachyandesite, debris of Cnoket Valley explosion in fore¬ 
ground Drawn from a photograph 
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PLATE IX. 


Ftotrav A Wig Hill seen from the west, Southeast Head m the 
ground. 

Fioubk B Closer view of the “ wig ” of basaltic scorn overtyukg the Wig 
HOI dome of trachyte m 
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PLATE X, 


Figure A Crow Hill from Georgetown, Bhowing basaltic tuff-ash 
deposit which overlies a core of trachyte (not visible in this view) 

FiatmE B Looking across Riding School crater to Green Mountain 
(left) and Mountain Red Hill (right), in the crater a thick layer of basaltic 
tuff overlying well-bedded deposits of dust-hke, sihcious ash, said to contain 
eilicious “infusoria ” 
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PLATE XI 

Panorama, of Riding School orator, looking west from a point on tho 
trachyiic ran, across the centripetal!} -dipping tuff beds and waterJaid beds, 
to the basaltic part of the ran Near the middle, background, is Dark Slope 
crater Structure brought out by the use of ink on the photograph. 










PLATE XII. 


Figure A Basaltic tuff overlying ulinous beds, in Riding School orator; 

hammer SO cm long 

Figure H Dipping tuff and “lake” beds in Riding School crater. 
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PLATE XIII. 

Carious weathering of Hiding School trachyte, south side of this dome 
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PLATE XIV 

Figure A Looking south from road to edge of thick overflow from 
trachytic dome of Green Mountain (left), Mountain Red Hill, basaltic cone, 
in background 

Figure B 8teepl> dipping, eroded beds of tuff composing The Peak, 
which stands in a caldera rimmed with older trachyte of Green Mountain 
The black, basaltic tuff of The Peak is beyond the windmill, the crags with 
paler tint on right are trachyte Young erosion-vallev opened along the con¬ 
tact of trachyte and tuff 
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PLATE XV 


Frocac A Looking across the basaltic tuff-ash slope of Green Mountain 
to The Weather Poet (left) and Wliite Hill (right) domes of trachyte 

FiatTBE B Flow-structure and characteristic rough surface of an Asosn- 
stop Island flow of trachyte, end of flow, southwest side of White Hfll 











PLATE XVI 

The Devils Cauldron (Punchbowl), seen from the summit of The Peak, 
the Cauldron is 2 3 kilometers distant Photograph by Q H Wilkins, natu¬ 
ralist to the Bhackleton-Rowett Expedition 
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PLATE XVII 

Lower end of great trachyte flow from White Hill dome, southwest fide 
Wig Hill appears Behind the flow Southeast Head trachyte dome m the 
distance 









PLATE XVIII 


Figure A Southeast Head dome-plateau of trachyte, veneered with a 
younger flood of trachy andesite, shown in darker tint 

Figure B Continuation of view A Sea-cliff of Southeast Bay on the 
right 
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PLATE XIX 


Figure A Boatswain Bird islet, seen from high sea*cliff east of the 
Denis Cauldron 

Figure B Sea-cliff, 00 metera high, cut in monolithic trachyte %f 
Boatswain Bird islet, northwest side 




PLATE XX 

See-eave out in trachyte of Boatswain Bird islet, southwest side 



Rfoinald A Daly — The Geoi ot y of Ascfn«>ion I si and 


Platt XX 



Pfioc Amer Acad Arts and Scifnces Vol LX 







PLATE XXI. 


Fxgtubx A . Georgetown, Hayee HOI, a eo on toeom cone of trachydolente, 
m background 

Fkoobb B View from Gras Hill, over Georgetown, to a low eeonaoeous 
cone of trachydofonte at the Landing Pier 
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NEW RESEARCHES ON THE MAGNETIZATION OF FERRO¬ 
MAGNETIC SUBSTANCES BY ROTATION AND THE 
NATURE OF THE ELEMENTARY MAGNET. 


By S J. Babnett and L J. H. Barnett. 



NEW RESEARCHES ON THE MAGNETIZATION OF FERRO¬ 
MAGNETIC SUBSTANCES BY ROTATION AND THE 
NATURE OF THE ELEMENTARY MAGNET 1 2 


By S J Barnett and L J H Barnett 
RweWed May 14, 1024 Preocntod May 14,1024 

1 Theoretical relatione. In earlier paper* 3 * * * it lias been shown 
that the rotation of iron, cobalt or nickel about a fixed axis in a mag¬ 
netically neutral region at an angular xclocitv A resolutions per 
second magnetizes the substance as it would be rnagmtized, at rest, 
by the application of un axial magnetic field w r ith intensity 

H T = XA (1) 

where X, within the limits of the experimental error, is constant for anv 
one substance and identical for all the substances nnestigated The 
quantity XA 7 ma\ la* called the mtrimu maqmtit intoutthf of roiaftoti 

Furthermore, on the assumption that onh one kind of elementary 
magnet, or magneton, is responsible for the magnetism of a substance, 
classical dynamical the on has been shown to require that X la equal 
to R, the ratio of the angular momentum of the magneton to its 
magnetic moment, multiplied by hr Thus we have, on this as¬ 
sumption, 

II T * \\ » 2irRN ( 2 ) 

For a magneton such as has ordinarily been held responsible for 
magnetism, and consisting of an electron or a ring of electrons, each 
with mass w and charge c, in revolution about a fixed positive nucleus, 
classical theory grves 

2irR « 2r X 2 m 'r (3) 


1 Read before the American Physical Society, April 25, 1024, and before the 
American Academy of Arts and Sciences, May 14,1924 Revised, Juno, 1025 

2 3. J Barnett, Phy* Rev , 6 , 239, 1915, and 10, 7, 1917 The funda¬ 

mental idea on which these experiments ate based occurred to me m 1909 

^Science, 80, 413, 1909), while thinking about the origin of Bolar and ter¬ 

restrial magnetism In 1918 I found that John Perry, with the some funda¬ 

mental idea m mind {Spinning Tops, October, 1890, footnote on p 112, a 

book which I had read more than twenty years before), had tried, but without 
success, to detect a change w the magnetisation of an iron rod produced by its 
rotation. If, as is very probable, I had read Perry’s footnote, it hod long been 
forgotten —8 J B 
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The quantity m/e for an electron has been determined with consider* 
able precision in well-known experiments Substituting the experi¬ 
mental value for slow motion in (3) we obtain 

2rR * —7 10 X 10~ T gauss/rev per second (4) 

The values of A which we have obtained from experiment agree in 
sign with this value of 2*7?, but they are much smaller in magnitude. 
They therefore prove either (1) that m producing ferromagnetic phe¬ 
nomena positive magnetons are associated with negative magnetons, 
whose effect is preponderant; or (2) that the negative magneton is not 
an orbital electron or a nng of electrons, but a magneton with a much 
smaller value of R, or else (3), that the classical theory according to 
which equation (2) is derived is not valid, or (4) that equation (3) is 
not valid, or both 

Our phenomenon is undoubtedly connected closely with the 
Zeeman effect, as our magnetons may be considered to be executing 
regular precession with frequency N under the action of the torques 
upon them brought about by the rotation This consideration leads 
at once to equation (2), which is equivalent to the classical equation 
for the normal Zeeman effect * As Landl has suggested, the anomaly 
m the Zeeman effect, which Sommerfeld and Debye had partially ex¬ 
plained by the ideas of spatial quantization (now supported in the field 
of magnetism by the work of Pauli, 4 Sommerfeld,® Epstein,® Geriach,* 
and Gerlach and Stem 8 ), is probably related closely to the anomaly 
in our phenomenon This anomaly l*nd£ ® and Sommerfeld 10 have 
attempted to explain by a process which appears to be equivalent to 
identifying our magneton with the atom in the r-state and attributing 
to this a value of JR equal to m/e, which is approximately the value of 
R given by our experiments 

2. General experimental methods. In the experimental study 
of magnetisation by rotation two general types of methods may be 


IS J Barnett, NRC Bulletin on Theorne of Mafnetum, German tranria- 

timjm 

AW Pauli, Jr. Phy ZmL, M, 616,1930 

A A. SonunerfekL Ann d Phy *, 70, 32,1923; ZeU /. Phys , 19,221,1923. 
APS Epetem, Setae*, 37,632,1923 
T W. Gerlach. Phy ZeU., fc, 276,1923 

9 Gerlach and Stem, Ann. d Pky^ 74, 673, 1924; W. Gerlach and A* C* 

, Ana. d. Phy., 1i, 160.1926. 

Atomhau, p 686,1924. 
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used, viz, methods of electromagnetic induction and magnetometer 
methods 

In all methods the substance under investigation is preferably in 
the form of an approximately cylindrical rod, or rotor , which is mounted 
with its axis horizontal and in the magnetic prime vertical in a region 
m which the earth's magnetic field has been neutralized as nearly as 
practicable 

In the methods of electromagnetic induction the intrinsic magnetic 
intensity of rotation \N is determined by comparing the change of 
flux through the rotor, due to rotation about its axis at measured speed, 
with the change of flux produced through the same rotor by the appli¬ 
cation, parallel to the axis of rotation, of a uniform magnetic field of 
known intensity The changes of fiux are proportional to the intensi¬ 
ties, if small 

In the only induction method which we have used with success the 
changes of flux were measured ballistic-all with a galvanometer of the 
type which lias come to be known us a fluxmeter Two nearly similar 
rods A and B of steel (Fig 1) were mounted parallel, and two similar 


={ 


={ 


mm Ac 



Compensator 


Fluxmeter 




8 Rotor 

Fig 1 




coils C and D of insulated wire were mounted about their centers 
The coils, at rest, were connected in senes with one another and with 
the fluxmeter F, and m opposition, so that the variations in the earth’s 
field might produce no effect on the fluxmeter* One of the two rods 
served as rotor, the other was called the compensator 










130 


BARNETT AND BARNETT, 


In another method, 11 which has not been used, and which we believe 
would involve still more serious difficulties, the rod may be oscillated 
about its axis instead of being set into continuous unidirectional rota¬ 
tion, and the alternating electromotive force thus developed in the 
surrounding coil of wire may be compared with the electromotive force 
produced by an alternating field of known intensity, an amplifier being 
used to increase the sensibility if necessary 

Earlier induction methods were not successful In one senes of 
expenments the magnetic circuit was almost wholly of iron The 
cylinder under investigation rotated between the pole faces of a large 
U-shaped electromagnet, with minute air gaps, and similar coils on 
the two legs of the iron core, connected in senes in the usual manner, 
were in series with the fluxmeter But relatively large extraneous 
reactions, too complicated to interpret, 12 masked the small effect under 
investigation In a still earlier senes, the method was essentially 
similar to that which was later successful, but here also large extrane¬ 
ous disturbances, 12 too complicated to interpret, masked the effect 
looked for 

In the magnetometer method an astatic magnetometer is mounted 
with the center of its lower magnet system in the polar axis (magnet¬ 
ometer m axial position), or, preferably, in the equatorial plane (mag¬ 
netometer in equatorial position) of the rod, or rotor , under investiga¬ 
tion A second rod, the compensator , is so mounted as to have os 
nearly as practicable the same relation to the upper magnet system as 
the rotor has to the lower, so os to eliminate in a measure disturb¬ 
ances due to variations in the earth’s field The magnetometer de¬ 
flection produced by reversing the direction of rotation of the rotor, 
driven at a measured speed, is compared with the deflection produced 
by reversing a uniform magnetic field of known intensity in the rotor 
parallel to its axis The deflections are proportional to the changes in 
the magnetic moments m the two cases, and these are proportional to 
the intruisic intensity of rotation and the standardizing field intensity 

3 Early successful experiments. Our first conclusive experi¬ 
ments were made in 1914 at the Ohio State University on cold-rolled 

It Suggested by an investigation of Tolman's in a different field, now pub- 
fished See R C Tolraan, S Karrer, and E W Guernsey, Phm Rev , 81, 
625,1023 

IS One of these reactions, as suggested by Dr A E Flowers, was doubtless 
due to the nonuniformity of the residual axial field through the rotor, or, 
rather, to its departure from axial symmetry 

18 Professor C E Mendenhall suggested torsion, but was indued to doubt 
the applicability of the suggestion when he learned that the rod was 7 cm. in 
diameter 
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steel by the fluxmeter method of electromagnetic induction, and were 
described before the Ohio Academy of Sciences and the American 
Physical Society in November and December of that year 14 
They gave for X the value —36 X MH gauss/rps Another 
and better investigation by the same general method in 1915 14 gave 
X ■» — (3 1+) X 10~ T gauss/rps , or —34 X 10* 7 gauss/rps if 
we consider only observations at the highest speed, which there is 
much reason to consider the most trustworthy All these values are 
equal to J X 4rm/e within the experimental errors 
These experiments were followed by an investigation 15 made in the 
same laboratory and completed in 1917 on cold-rolled steel, nickel, and 
cobalt The values of X obtained were negative as before, but were 
intermediate between J X 4 rrm/e and 4 rrm/e We also made, a little 
later, preliminary experiments, consistent with the others, but much 
rougher, on soft iron and Heusler’s alloj 18 

In the meantime, early in 1915, but after our first conclusive experi¬ 
ments were described to the American Physical Society , Einstein and 
de Haas 17 published experiments on the converse effect, viz , rotation 
by magnetization, in iron, which yielded, when interpreted on the 
simplest hypothesis, X =* 4im/p, though the sign of the effect was not 
determined with certainty 18 This was done later in the same year, and 
in 1916, by de Haas 18 and Einstem 80 separately In 1918 a much 
more thorough investigation of this comerse effect, in l>oth iron and 
nickel, was published by J Q Stewart, 21 who obtained values of X 
similar to those we had obtained in 1914 and again in 1915, and equal 
to one half the value obtained by Einstein and de Haas 

We here coil special attention to the priority of our 1914 work over 
all related work by others , because this work has frequently and in¬ 
correctly been referred to 23 as if it had followed, or had been presented 
to the scientific world later than, or * as a (later) confirmation of the 
work of Einstein and de Haas 


18 S J Barnett, Phys Rev , 6, 239, 1915 
1# S J Barnett, Phys Rev , 10, 7, 1917 
14 8 J Barnett, Science, August 7, 1918 

17 A Einstein and W J de Haas, Verh d D Phys Ges , 17, 152,1915 

18 As pointed out by Lorents See A Einstein, Verh d D Phys Ges , 17, 
203,1915/also W J de Haas, K Akad Amsterdam Proc , 18,1280,1916 

il W J de Hue, loc at 

*0 A. Erne tern, Verh d D Phyt Oe» , 18, 173,1916 
H J Q Stewart, Phyt Rev , 11,100,1918 

M H 8 Uhler, Am J 8m, 41, 668, 1916, B Cabrera,/ de ehxm Phyt, 
16,466,1918; R A Millikan, The Electron, 2d ed, p 212,1984 (also 1st ed){ 
A. Sommerfeld, Atombau, 4th ed, p 635,1924, and numerous others 
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4 Ntw experiments, The disagreement between our values of 
X and the commonly accepted value of &rtt for electron orbits, and the 
discrepancies between the values obtained in the different investiga¬ 
tions, together with the great importance which must be attached to 
a more precise knowledge of the magnitude of the constant X for the 
substances already Investigated and to its determination for other 
ferromagnetic substances* led us to begin in 1918 a more elaborate 
investigation of magnetization by rotation by the magnetometer 
method In that year we removed to Washington, and were aide to 
do but little more with the work before the summer of 1920 Since 
that time, as opportunity has offered, and especially io the years 
1922-23, we have made an extensive investigation of many ferro¬ 
magnetic substances All this work is in agreement, within the limits 
of the accidental errors, with the fluxmeter observations of 1914 and 
1915, and shows that the systematic errors were not completely re¬ 
moved in the earlier magnetometer work 38 

The rotors, compensating frame, magnetometer, and other appli¬ 
ances constructed for this work m Ohio, and for the most part used in 
the earlier investigations, were kindly loaned to us by the Ohio State 
University With such modifications as were found desirable moat of 
them were used, and rendered important services, m the new work 

5 The laboratory and Its magnetic field. Nearly all of the 
new rotation experiments were earned on in a small concrete labora¬ 
tory, 34 forming a part of the plant of the Department of Terrestrial 
Magnetism of the Carnegie Institution of Washington, and located at 
a considerable distance from the main building, from which power was 
obtained This laboratory is constructed of practically nonmagnetic 
material throughout It consists of a single room with flow space 
26 X 50 feet, the longer sides being nearly parallel to the magnetic 
meridian. The concrete floor, on which the piers carrying the rota¬ 
tion apparatus were mounted, is twelve indies thick 

A survey of the undisturbed magnetic field of the laboratory was 
made in 1920 by Messrs W F Wallis and A Sterling, and showed 
that the field is very nearly uniform, the departure from uniformity 
being entirely negligible for the purposes of this investigation For 
the sake of the experimental work it was, of course, necessary to uitro- 


w For brief accounts of this work up to April. 1922, see S. J Barnett and 
L J H Barnett, Proc American Pkae See. tor December, 1920 (Phye. See^ 
-- ’ * * al, 1922 (Phys Rett , 90, 90, 1922) 


IT, 404,1921) and for ^ uni, tv** \rnys am , w, w, iv**j 

See J A Fleming, Researches pf the Department of Terrestrial Magnetism 
pf the Carnegie Institution of Washington, 4, 351,1921 
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duce into the building many instruments with considerable magnetic 
moments, but they were so placed, or so oriented, sometimes in con¬ 
junction with permanent magnets introduced for the purpose, as to 
produce negligible effects in the region occupied by the rotating body 

Also, to keep the field m the region about the rotor as nearly uniform 
as possible, the greatest care was taken in the selection and testing of 
the materials used for the construction of the adjacent apparatus and 
piers, with the result that they were certainly so free from iron as to 
have no appreciable effects We are greatly indebted to the Bureau 
of Standards for supplying us with a considerable quantity of particu¬ 
larly pure sand for our piers, and for the use of their magnetic separator 
in improving the rest of the sand which was used Many of the non¬ 
magnetic castings were made in the foundry belonging to our labora¬ 
tory in Washington 

The fluctuations of the magnetic fit Id A ight Work In this work, as 
in the earlier magnetometer work, it was necessary to make the princi¬ 
pal experiments after one o'clock at night in order to avoid as far as 
possible disturbances due to fluctuations of the earth’s magnetic field 

The disturbances due to the electric railways seemed to us to become 
worse as the time progressed, and we finally found it advisable to 
restrict the rotation observations almost entirely to the interval 
between half past two and half past four, or even a quarter after four, 
in the morning Shortly after we began the next to the last senes 
(Series A) of observations, the Capital Traction Co started to operate 
cars on its Chevy Chase line, five-eighths of a mile from our laboratory, 
throughout the interval in which we worked When, however, Mr 
John Hanna, Vice-President, in charge of operations, learned of the 
serious interference this service made with our work, the electric cars 
were most kindly taken off and a bus service substituted For this 
generous interest m our work we are greatly indebted to Mr Hanna 
and the Company. 

Solar disturbances, as would be expected, ordinarily gave little 
trouble at night Moreover, the last and most important series of 
observations (Senes B) was made at the time of the sun-spot minimum 
For this series the average extreme changes in a single night, from two 
o’clock to five o’clock a m , in the hourly means of the horizontal and 
vertical intensities, as calculated from the records of the Cheltenham 
Observatory, kindly furnished us by the Coast and Geodetic Survey, 
were only about 1 part in 5600 and 1 part in 35,000, respectively — 
quantities beyond our compensation requirements 
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6 The magnetometers . Two magnetometer cases, one of them 
modified from the Ohio instrument and both constructed in much the 
same way, together with several suspension systems, were used m the 
course of the work 

The suspension, illustrated m Figure 2, was in four parts. The up¬ 
permost part, A y was a fine quartz fiber, whose substitution for silk 
considerably unproved the behavior of the instrument The fiber 
was attached by shellac to the torsion head above and to a geometric 
hook below This engaged with a second geometric hook at the top 
of an aluminum rod B , which earned an aluminum damping vane C 
and the mirror D and ended below in a small geometnc hook E This 
hook earned the support F of the upper magnet system G The sup¬ 
port F was un aluminum rod fashioned into & geometnc hook at its 
lower end and bent into a small loop with angular top and vertical 
sides at the upper end The geometnc hook at the bottom of F 
earned a third aluminum rod /, terminating above and below in 
geometric hooks The lower hook earned the support J of the lower 
magnet system A', which was another aluminum rod fashioned into a 
geometnc hook ut the top and a loop with two sides vertical at the 
bottom The distance between the centers of the two systems of 
magnets was about 48 cm 

There are three reasons for dividing the aluminum rod carrying the 
mirror and magnets into three pieces In the first place, the shorter 
pieces could be made much more nearly straight and coaxial when 
mounted together than a single piece of the same total length, in the 
second place, the intermediate piece, without magnets, could lie 
handled more safely than the others when a twist had to be produced 
to bring the two magnet systems into parallelism, and m the third 
place it was desirable for some other experimental work to have the 
magnet systems closer together than they were m the rotation experi¬ 
ments This can be accomplished by inverting the central piece 

In all but the earlier part of the work each magnet system consisted 
of six or three rods about 5 mm long, 0 17 mm thick, and 0 35 mm 
wide They were of hardened steel and were kindly provided by Mr 
Obf Ohlson, Technical Director of the Waltham Watch Company, at 
our request for steel treated in such a way as to make the mechanical 
properties as nearly permanent as possible (according to the recom¬ 
mendations of the Bureau of Standards) By means of a special 
frame the rods of each system were mounted parallel and central on 
the appropriate aluminum loop normal to its vertical sides and equi¬ 
distant All but one of the rods in each system were fastened per- 
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manently in place with shellac dissolved in absolute alcohol. The 
remaining rod was attached with a minute quantity of soft wax. The 
two systems were then magnetised in an intense magnetic fields and 
their moments were compared by means of a sensitive astatic mag* 
netometer 

It was our practice m earlier work, in case the moments did not agree 
within a sufficiently small fraction of one per cent, to remove the 
waxed-on magnet from the system having the greater moment and 
reduce its length on an oil stone, then to replace it, remagnetise both 
systems, and test again, tins process being kept up as long as necessary 
Hie .two waxed-on magnets were then fastened permanently with 
shellac, which was allowed to dry without the application of artificial 
heat The mechanical treatment, however, changed the properties 
of the ground magnet, and was abandoned as unsatisfactory In the 
cane of one suspension ft happened that the two systems, whose 
moments on the first comparison differed by more than 3 per cent, 
acquired the same moment within about 0 3 per cent when the two 
removable magnets were interchanged and remagnetised This 
system became better with tune, and them retained its equality of 
moments within a small fraction of one per cent for more than two 
years This magnetometer system we continued to use for several 
weeks in the beginning of the last senes of observations Then it was 
replaced by a system with three-magnet magnets, whose moments also 
were equal, and remained equal as long as tested in Washington, 
within a small fraction of one per cent 

Another method, much better than that of simple tnal and error, 
was used in constructing some systems near the end of the investiga¬ 
tion One reason for mounting the magnets equidistant was to make 
the demagnetizing factors the same for the two systems. It finally 
occurred to Mr Kotterman, our assistant, who made most of these 
systems for us, to use this principle to adjust the moments of the 
systems to equality. This is very easily done by simply moving one 
or both of the loose magnets to or from the others to decrease or 
increase the moment 

To adjust the two magnets to parallelism, the final method was 
first to hang the magnet system, in three sections, from a proper sup¬ 
port, with a long straight aluminum wire fastened horizontally to one 
side of each loop. Then, if necessary, the central section (or one of 
rite other sections) was twisted until the two horizontal wires became 
parallel withm a fraction of a degree, the sections being separated, of 
course, while the twisting was done. 
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When the magnets are geometrically parallel, however, the magnetic 
axes are not necessarily parallel, and the angle between their aim had 
to be tested electrically, by processes discussed below m connection 
with other methods of testing the magnetometer, without removing 
the suspension from the case 

After the system was properly magnetized and astaticized the three 
sections together were hung from the mirror support and (usually) 
cemented together with minute quantities of shellac 

The moment of each of the six-magnet systems was about 0 4 c g s 
electromagnetic unit 

Hie magnetometer mirrors were plane, some round and some square, 
and about 6 mm along a diameter or edge* One of the mirror sup¬ 
ports had two mirrors, facing in opposite directions, so that the 
magnetometer could be reversed without altering the position of the 
reading appliances 

The magnetometer case, in which the suspension was mounted by 
means of a simple torsion head, is also shown in Figure 2 The main 
part of the case was of soft nonmagnetic brass It was cast m two 
(or three) pieces, the short duck portion L being soldered on after the 
long thin part (or parts), M % had been grooved to hold the suspension 
In the original apparatus the supports NN of the damping plates were 
made to slide in tubes for adjustment, but w the magnetometers used 
in the present work the plate supports and the small protrusions (or 
castings) by which they were mounted on the case were threaded, so 
that excellent adjustment could be made much more readily The 
case was made entirely open on one side, but could be closed by long 
narrow brass strips 0 pressed against narrow ledges milled for the pur¬ 
pose Holes cut for the mirror were covered with pieces of spectacle 
lenses, and holes cut opposite the ends of a horizontal diameter of 
like damping vane covered with plane glass or mica A small copper 
disc covered with a small quantity of radioactive salt was, m the later 
work, placed at the bottom of the case, which was sealed with soft wax 

Hie part £ of the case was designed to be cylindrical (except for a 
protruding flange P) and coaxial with the suspension The lower part 
of the cylinder was intended to fit accurately a cylindrical hole in the 
magnetometer support, A f Figure 3, to which the case could be secured 
by means of two (and later four) small damps acting on the flange, 
P (Figures 2 and 4) These conditions were approximately fulfilled, 
and the magnetometer could be turned about the vortical and damped 
in any azimuth with little if any readjustment. 

To read the magnetometer deflections, the image of the filament of a 



138 


BABNETT AND BAKNEOT. 


General Electric 10-volt 35-watt nitrogen-filled galvanometer lamp 
formed by the mirror and suitable lenses was focussed on a translucent 
scale about 6 2m from the instrument Hie position of one edge was 
read to 0 1 mm 



Fig 3 


7 The magnetometer supports. The magnetometer supports, 
of brass, bronze, and concrete, as arranged m much of the work, are 
illustrated in Figures 3 and 4 The immediate support, A> was milled 
beneath to fit either of two slides B, G, which permitted motion east 
and west, parallel to the axis of the rotor Slide B, by means of a 
projection from beneath, was movable vertically over a range of a 





MAGNETIZATION BY ROTATION 


139 



Fkj 4 


number of centimeters m the slide E Clamps were provided for all 
the slides to prevent accidental displacement 
The slide E was screwed to angle pieces /, which were screwed to 
the H-form casting F, used in the tarlier work, and the slide fljwas 
screwed and soldered to the same casting 
When A was mounted in the slide B, in its lowest position, the 
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center of the lower magnet was very nearly 10 cm above the axis Of 
the rotor and 5 8 cm* south of the vertical plane through the axis. 
When A was mounted in slide G, the center of the lower magnet was 
very nearly on the geometrical axis of the rotor. In the second case, 
the magnetometer was said to have an axial position, in the first case, 
provided the vertical plane $ through the center of the rotor and normal 
to its axis passed very nearly through the centers of the magnets, it 
was said to have an equatorial position 

In most of the early work, strong horizontal boards were screwed 
between the north and south projecting arms of the casting F m order 
to reduce vibration. 

The casting F was firmly supported by four concrete piers // 


z 



* 

s' 

Fia 5 

For the latter part of the work the angle pieces l were removed and 
the slide E was moved north about 58 cm and was strongly secured 
by heavy angle pieces to the easting F in such a way that the center of 
the suspension lay m the vertical plane containing the rotor’s ana 
When, with this arrangement, the support A occupied such a position 
that the center of the suspension lay also in the plane d, the magnet¬ 
ometer was said to occupy a vertical-equatonal position. 

Figure 5 shows diagrammatically relative positions of rotor and 
lower magnetometer magnet in an aaal position (B), and in equatorial 
positions (d, C, D), A being a vertical equatorial position and D (not 
used) being a horisontal equatorial position The plane d is the 
plane ACD In the principal magnetometer positions which we have 
used the approximate distances were as follows. (1) Lower equatorial 
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(MQ), AC =* 5.8, AO = 11.3; higher equatoriaL(//£Q), AC = 5.8, 
AO » 16.0; lowest vertical equatorial (LEQV)jmc = 0, AO « 114- 
standard^vertica! equatoria! ( EQV), AC = 0, 12.9; near axial 

(/*A)> OB - 12; far axial (4F), OB = 17. ^ 

For the final work, in order to reduce possible errors from vibration, 
the whole framework F was covered with concrete, and the piers II 
Were reinforced with concrete. The appearance of the magnetometer 
and its supports in this case is shown in Figure 6. 



8. The magnetometer control*. In place of a single control 
magnet, as used in the earlier work, two minute magnets, C and D, 
igure 4, have been used, both symmetrically arranged near the upper 
system, Motion of one of the magnets, C, with axis parallel to that of 
tzie system, alters the sensibility without altering the zero (with per¬ 
fect adjustment); motion of the other, D } with axis normal to that of 
the system, alters the aero without altering the sensitivity (with 
peraect adjustment). Each magnet is provided with a slide for rough 
Adjustment and a micrometer screw (A'* A) for fine adjustment. 
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The adoption of this control system, which we have used for about 
seven years, has greatly lessened our labors in this and other work 
Indeed the work described here would hardly have been possible 
without it This system of control, m spite of its simplicity, is new, 
so far as we have been able to learn 

For this investigation it was necessary that the moments of the 
magnets be small to avoid the possibility of very objectionable eddy** 
current effects m the rotor They were made from short pieces of 
hardened tungsten steel wire and had very small moments The 
moment of the zero control changed from about 1 0 to about 0 7 c g s 
unit, and that of the sensibility control from about 05 to about 
0 4 c g s unit from August, 1020 to December, 1923 

9 The magnetometer sensibility coils In order to make it 
possible to measure the sensibility of the magnetometer at any time, 
two arrangements have been used In one, a small pair of Helmholtz 
coils, easily removable, was attached to the lower end of the magnet¬ 
ometer case with its center approximately coincident with that of the 
lower magnet system and its axis normal to the axis of the system 
Each coil, in the case of one magnetometer, had four turns, the radius 
was about 3 33 cm , and the mean distance between corresponding 
turns was 3 5 cm , so that the constant of the coils was about 1 05 
gauss per ampere 

In the other arrangement, the two coils were mounted on the 
magnetometer support A, Figures 3 and 4, and their axes passed 
normally through the upper magnet on which the coil system was 
centered These coils were intended to be, and were, except at first, 
placed so far apart that magnetometers could be exchanged without 
interfering with them This arrangement has some advantages over 
the other, but has the disadvantage that the coils and the rotor act 
chiefly on different magnets, necessitating greater care in calibration. 
The constants of the various coO systems used did not differ greatly 
from one another 

10 The main electrical compensating system. To neutralise 
the earth’s magnetic field in the early part of the work we used the 
continuously wound Columbus compensating frame The wires on 
the frame were restretched, extra distance pieces were inserted, end 
coils were added to increase the breadth of the nearly uniform part of 
the field, and to make it more nearly symmetrical about the center, 
and the frame was mounted with precision with its longest sides normal 
to the magnetic meridian and its axis parallel to the earth’s intensity. 
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This coil produced a field which was uniform along the axis of the 
magnetic part of the rotors within less than 1 part m 1200, and uniform 
over 1 the central circular section of the largest rotor within about 1 
part in 1000 We came to distrust this coil, however, partly because 
its dip and compensating current underwent changes which we could 
explain only, if at all, bv assuming that warping had occurred, and 
we finally abandoned the coil for another of larger dimensions and 
better design aB 

The new coil was designed to produce a uniform ty hndi u al field on 
the principle on which the Helmholtz double coil produces a uniform 
spherical field A system of two infinite parallel wires distant a apart 
and tiaversed by the same current in opposite directions, together with 
an exactly similar system symmetncully placed and distant d from 
the first, produces a field the central portion of which is very nearly 

uniform, prouded tha^3 ae If d * 30 cm and a — 52 cm this 

relation is very nearly satisfied, and calculation shows that the intensi¬ 
ties at points distant 4 cm from the central line in the direction of the 
field, and normal to this direction and to the central line, differ only 
by about 1 part in 10,000 and 1 part in 3000, respectively, from that 
at the central line 

For the coils wound on the new compensating frame a was 52 cm 
and the mean value of d was 30 cm , the width (parallel to d) of each 
cod being about 1 7 cm The length of the coil waa 702 cm 

The construction of the frame is illustrated in Figures 3 and 6-10 
There arc four beams A of three-ply hardwood, 2 6 cm square, running 
the full length of the frame These beams were originally held m 
position by twelve sets of four thick-walled brass tubes B and C, all the 
tubes m each group having accurately the same length A few of the 
tubes had to be removed later The sets of tubes were nearly uni¬ 
formly spaced along the frame The beams were countcrbored every¬ 
where to the same depth to fit the tubes, which were threaded at the 
ends and fastened in place by brass screws 

ftft Experience has convinced us that it would be much better to use, in place 
of a single cot! system, two coils, traversed by different currents, one to com¬ 
pensate the horizontal intensity and the other to compensate the vertical 
intensity, also, that the wires should be stretched, without intermediate 
supports, between terminal machined plates Suitable tension can be pro¬ 
vided either by using sufficiently elastic wires or by usmg springs In our last 
experiments on eddy currents we have used a frame built somewhat in this 
way for other experiments We should prefer uninsulated wires, one or two 
diameters apart 

8ft See J J Thomson's Electricity and Magnetism (5th edition), p 257 
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The frame was fastened to low piers D on the floor with its length as 
nearly normal to the magnetic meridian as practicable and the brass 
tubes as nearly parallel and perpendicular to the earth's intensity as 
practicable It was secured to brass lugs in the piers by brass angle 
pieces about a meter apart and brass screws, provision being made for 
both horizontal and vertical adjustment An accurately machined 
piece of pyralm F was then fastened to each end of one beam and a 
single wire was stretched tightly along the beam This wire was made 
level and the frame adjusted until the wire was normal to the meridian 
With this wire as a guide, pyralm blocks, F t machmed to hold an exact 
number of wires and to bring them accurately into the required posi¬ 
tions, were placed at intervals along each beam and permanently 
fastened with brass screws These pyralm blocks were intended to lie 
placed opposite the ends of the tubes BB t but we discovered too late 
that this precaution had not been taken, and some of the blocks were 
not even close to the tubes 

The upper and lower coils were at first wound contmuousl> with 
enameled wire, and later with silk-covered wire, but the insulation, 
injured m the winding, broke down and introduced uncertainties as to 
the exact compensation of the earth's field 

Each coil was therefore finally replaced by two coils, each consisting 
of nine turns of No 20 d.a c wire, the strands of one coil being alternate 
with those of the other, and such terminal arrangements were made 
that by means of three double throw switches and a voltmeter the 
voltages over the alternate strands, as well as the insulation resistance 
between them, could be readily measured When the arrangements 
were completed, the resistance was always far higher than necessary. 

Sagging of the wires between the pyrahn blocks, against which they 
were kept pressed, occurred twice after the coils were wound, but was 
done away with by means of a stretching device, illustrated m Figure 
10, attached to each comer of the frame at the west end This device 
did not act continuously and permanently, however, until stiff springs 
SS were inserted, and kept under strong pressure, between the frame 
A and the nut B, after which there was no more trouble 

To keep the cross-section of the coil system rectangular, four 
diagonal braces of brass, one of them with a ring at the center (Figure 
7) to admit the driving shaft, were originally inserted One brace near 
the end was later removed, to extend the shaft through the frame, and 
another was modified as in Figure 7 Later still, when the heavy 
concrete was cast about the magnetometer, four adjustable braces, 
acting between the upper part of the frame and the concrete piers fl. 
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were added to fix more certainly the position of the central part of the 
coil system 

Several years ago the uxial component of the intensity produced by 
the frame in a central horizontal cylindrical space about 2 m long 
and 10 cm in diameter was measured with an induction balance 
and was found uniform to 1 part m 2500 Later on, in August, 1023, 
the axial intensity (approximately parallel to the earth’s intensity) 
along a central horizontal line about 40 cm long was found uniform 
to about 1 part m 4000 The horizontal intensity over the same 
length was found to vary about 1 part in 400, the frame having be¬ 
come distorted By means of the braces the upper part of the frame 
was therefore readjusted until the upper coil, whose west end we found 
to have moved a few millimeters south, was parallel throughout its 
length to the lower, and gages with fixed points of reference were set 
along the frame so that any future displacements could be accurately 
read Man} readings by means of these gages during the remainder 
of the work showed that no displacements beyond a fraction, usually a 
small fraction, of a inillimeteroeourml Induction balance tests just 
after the frame was readjusted and at two later dates, one of them near 
the end of the work, showed that the horizontal component over the 
central line referred to was uniform to al>out l part in 14,000, i part 
in 7,000 and 1 part m 14,000 or better 

11 The subsidiary electrical compensating system Changes 
m the dements of the earth’s magnetic field, secular, diurnal, etc, 
together with original!} imperfect construction and adjustment and 
later possible alterations in the compensating frame itself, and the 
necessity of testing for the effects ot small variations from correct 
compensation, made it necessary to install a subsidiary compensating 
system If we suppose that the mum cortical intensity acting upon 
the rotor is annulled bv the current m the mam compensating coil, 
there will, in general, lie left acting on the rotor (1) a small axial 
intensity, which may or may not be uniform, (2) a small uniform 
horizontal intensity Ih (Fig 11), (3) a small nonumform north and 
south horizontal intensity A (Fig 11) which may he considered (except 
so far as very close sources are involved) proportional to the axial 
distance from the center of the rotor, and thus opposite on opposite 
sides of the center, and (4) a small nonumform vertical intensity, u, 
proportional, like A, to the axial distanceffrom the center of the rotor 

We at first used no subsidiary system, and we made several changes 
before adopting the final arrangement, which alone will be described 
here 
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To compensate the residual intensities (1), (2), and (3) we used 
three pairs A, B, C of circular cylindrical coils of enameled copper 
wire carefully wound on bakehte bobbins The coils of pair A, used to 
compensate (1), were about 6 cm thick, of No 16 wire, the others 
about 7% cm thick, of No 14 wire All had internal and external 
diameters of about 12 cm and 22 cm The coils of each pair had 
practically equal constants and were connected in series All the 
coils were mounted with their centers m the equatorial plane of the 
rotor, one coil of each pair being as far north of the axis as the other 
was south 



Coils A were mounted with their axes parallel to that of the rotor, 
very nearly on a straight line passing through its center, and about 
433 cm north and south of its axis They were traversed by currents 
in the same direction and produced a \ er> nearly uniform axial field 
throughout the rotor 

Coils B were mounted 400 tin north and south of the rotor’s axis, 
with their axes in its equatorial plane, and (finally) in the horizontal 
plane passing halfway between the magnets of the magnetometer 
when in the equatorial position used m the last experiments (earlier 
they were mounted lower) They were traversed by currents m the 
same direction and produced a field which was \ery nearly uniform 
over the magnet system, the rotor, and the compensator 

Coils C were moimted about 416 cm from the vertical plane through 
the rotor’s axis, with their axes parallel to this axis and in the same 
horizontal plane which contained the axes of B They were traversed 
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by currents in opposite directions, when used normally, to produce a 
nonunifonn horizontal intensity at the rotor, normal to it, and pro¬ 
portional to the axial distance from its centerj but the currents could 
be given the same direction for purposes of magnetometer testing (see 
below, § 27). 

The south coils of the pairs B and C\ and the uppermost part of the 
south coil of the pair A, are visible in the lower left part of Figure 12, 
which shows much of the experimental apparatus in its final state. 



Fio. 12. 


The three coils north of the magnetometer were mounted over a 
brass plate on a concrete block in a partially double-walled box out¬ 
side the laboratory, and were connected to the interior by lead-covered 
twisted wires. One coil of each pair was mounted on a tripod with 
adjustments for altitude and azimuth, which, however, proved un¬ 
necessary. 

The field of each of the coils in the region occupied by the rotor was, 
of course, not strictly uniform. The maximum variation for any coil, 
however, was less than 1% of its value at the center of the rotor. 
Hence, especially as that central value was itself never greater than 
about 1% of the earth’s horizontal intensity, the degree of uniformity 
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of the field produced by the combined compensating system in the 
region occupied by the rotor was very high 
The horizontal mtensity, normal to the rotor and directed south, 
produced by system C along the east half of the rotor, when the axis of 
the inner coil was directed west and that of the outer coil east, for a 
current of 1 ampere m the coils, is given in Figure 13 For the other 
half of the rotor the intensity was equal and opposite When the 



current in the outer coil was reversed, the (axial) intensity acting on 
the rotor was about 0 0044 H, where 11 denotes the horizontal com¬ 
ponent of the earth’s intensity 

Currents of 1 ampere in coil systems A and B produced at the rotor 
intensities about 0 0063 B and 0 011 H 

In order to annul any nonuniformity in the magnetic field acting 
on the rotor in the direction of the axis of the main compensating 
frame, an extra coil or loop consisting at first of one turn and later of 
two turns, parallel and near together, was provided. 

In the east-west direction the wires of this loop were of the same 
length as those of the frame. The median plane of the loop coincided 
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with that of the frame, and its axis, when its wires were parallel, 
coincided with that of the frame By means of two slides at the west 
end of the loop, and two similar slides at the east end, each with a 
range of 4 cm , the west ends of the wires could be moved apart and 
the east ends closer together, or vice versa, while the distance between 
them at the center remained constant (GO cm ) 

When the slides of the double loop are each displaced, outward at 
one end and inward at the other, the maximum amount 4 cm , and the 
current flows through all the wires in the same direction, calculation 
shows that over the central 40 cm containing the rotor the variation 
of the total intensity thus produced is about 0 0004 of its value at the 
center With this arrangement the double deflections produced by 
rotating copper with the field through the rotor parallel to the axis of 
the frame annulled could be made zero But under these conditions 
the deflection produced by rotating permalloy and annealed steel 
rotors did not differ from those for the same mean compensating field 
when the wires were all parallel The use of the loop was soon aban¬ 
doned in favor of the extra coil system whose final arrangement has 
already tx*en described 

12 The variometers. In order to be certain of the limits within 
which the earth's magnetic field ui the region occupied by the rotor 
was compensated, it became necessary either to make very frequent 
observations with inductors, a course consuming more time and energy 
than were available in the best hours of the night, when the rotation 
work had to be done, or else to use three variometers, whose readings 
could lx* obtained quickly at any time and could be used in connection 
with less frequent inductor observations This latter course was 
followed m all of the latest work, and in some of that which preceded 

Horizontal intensity and vertical intensity variometers and a decli¬ 
nation \ ammeter were installed in the laboratory The first was a 
Wild-Edelmann instrument with a bifilar suspension, the second a 
Lloyd balance of the Wild type by Edelmann, the third a C I W 
magnetometer (No 4) As the instruments were finally arranged, 
1 mm deflection was produced on the first by a change of about 1 
part m 2244 in the horizontal intensity, l mm on the second by a 
change of about 1 part in 3400 in the vertical intensity, and one scale 
division on the third by a change of 1 5 minutes in the declination 
The Lloyd balance, as is usually the case, could not be relied on over 
great lengths of time, the base line being subject to unavoidable 
changes, but it could he used over short intervals with advantage 
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The declination instrument was quite reliable, the horizontal intensity 
variometer usually so 

The readings of all three instruments were, of course, affected b> the 
currents in the compensating coils, but these were readily allowed for 
Most of the obsen ations, indeed, were made when these currents were 
zero, or when all were zero except that of the main compensating 
frame, whose two coil systems, exceedingly close together, were then 
connected in opposition The} were sometimes connected in this 
way in order to let the current have more time to become steady while 
the variometers were being read 

Tin* temperature coefficients of the horizontal and vertical vari¬ 
ometers were obtained by means of values of the intensities furnished 
by the Coast and Geodetic Survey from observations at the Chelten¬ 
ham Observatory These coefficients for the horizontal and vertical 
intensity instruments, as used m the more recent work, were -*2 5 mm 
per degree C and —1 0 r ) mm per degree C , respectively 

Inasmuch os the observations show 
that the compensating frame itself un¬ 
derwent small changes with the time, 
the use of variometers was not so reli¬ 
able as frequent tests w f ith inductors, 
but the observations show also that 
the small changes occurring were of 
little importance when the magnet¬ 
ometer adjustments were approximately correct 

13 The types of rotors* After some magnetic tests made for us 
by Mr D M Wise with iron cylinders of different diameters and 
lengths, it was decided to adhere to rotors of about the dimensions 
used in the Columbus magnetometer experiments Indeed, many of 
the rotors we have used are Columbus rotors, usually modified 

The type of rotor, with half-inch journals, used m Columbus, was 
also used in the earliest part of the more recent work The terminal 
parts, including the journals, were of bell-metal, and were soldered to 
the magnetic material Two of the rotors, of Heusler's alloy, were 
both originally of this type, except that the journals were cast integral 
with the main cylinder, and the whole ground into final form One of 
these, known os Heusler’a alio} II, was left in the original form, the 
other, Heusler’s alloy I, was later modified as shown in Figure 14, which 
gives a longitudinal central section of one end The end of the main 
cylinder was threaded and a brass cap integral with a half-inch bell- 
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metal journal was tightly screwed onto it and pinned in position At 
the other end of the bell-metal journal, and shrunk into it, was an 
eighth-inch journal of Stellite II, as in Figure 15 All the journals 
were accurately coaxial cylinders, the corresponding journals at the 
two ends of each rotor had very nearly equal diameters, and the 
stellites were carefully lapped and polished 



Fk. 15 


Four other styles of magnetic rotor were used, improvements being 
made as the work progressed The first was similar to that of the old 
rotors, hut with stellite journals added as m the case of Heusler alloy 
1 The second is illustrated in Figure 15 The bell-metal journals 
were screwed as well as soldered (with certain exceptions, as permalloy) 
or pinned, to the magnetic material, and the stellite journals were 
added as m the other rotors 



(c) 

Fia. 16. 

In the third type, illustrated in Figure 10 (a), each journal piece was 
cut out of one piece of drawn phosphor bronze A disc of bakelite 
dilecto about 1 cm thick was screwed to the flange, and the disc then 
also screwed to the rotor, both sets of screws being deeply countersunk 
in the bakelite In the fourth, Figure 16 (b) and (c), the construction 
was somewhat similar, but mechanically much stronger. The bakelite 
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disc was screwed to the rotor, then the bronze flange was screwed to 
the disc, both sets of screws passing through nearly the whole thickness 
of the bakelite 

The journals of these two types of rotors were carefully worked to 
true and nearly equal cylinders and to fit with minimum practicable 
play the three-sixteenth inch agate beanngs described below The 
lengths of these rotors, from journal proper to journal proper, were 
made almost precisely the same, 343 mm, and the two ends were 
almost exactly alike, including the location of the notches The 
approximate dimensions of the journals are given in millimeters in 
Figure 16 (a) and (b) All parts of the figure are drawn to the same 
scale 

14 The magnetic parts of the rotors Steel I and Steel III 
were cut from the same rod of commercial cold-rolled steel, which 
was not analyzed, Steel II and Steel IV were similarly cut from a 
smaller rod of the same material Steel II and Steel IV were annealed, 
the other two were not, except as some annealing occurred while the 
journals were being attached 

Cobalt I and II were machined from a 9ingle rod cast for us by the 
Deloro Mining and Reduction Company, through the kindness of 
Mr S B Wnght The material from which the Cobalt II was made 
we annealed, but the process had no appreciable effect on its proper¬ 
ties The complete rod was probably annealed in Deloro No special 
analysis of the material was made, but from analysis of other speci¬ 
mens from the same company it probably contained about 95 or 96% 
cobalt, 3% nickel, 1% iron and smaller quantities of carbon, silicon 
and sulphur Cobalt, as is well known, is difficult to cast and to work 
and our rotors were not homogeneous Cobalt II was tetter than 
# Cobalt I, which was rotated in Ohio, and was statically balanced 

The Armco Iron rotor and compensator were cut from a single rod, 
for which we are indebted to the Page Steel and Wire Company 

The Norway Iron rotor and compensator were cut from a single rod 
of the commercial material 

Electrolytic Iron I and its compensator were cast from the same 
heat at the Bureau of Standards, and contained only" minute quanti¬ 
ties of impurities, carbon (0 03%) being much the most prominent 
The rotor was far from homogeneous, but was statically balanced, 
though only after the chief experiments with it were made For this 
rotor and compensator, as well as for several described below, we are 
indebted to Dr Burgess, Mr Jordan and Mr Ne\iHe 
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Electrolytic Iron II was forged by the Westingbouse Electric & 
Mfg Company from an ingot of Yensen’s pure electrolytic iron, melted 
in an induction vacuum furnace We are indebted to the company 
and Mr Yenscn for the material The rotor is apparently very nearly 
homogeneous and onl\ a slight improvement was made by static 
balancing 

The nickel rotors were all mac hmed from Boker's soft, pure nickel 
For the Iron-( obalt, Cobalt-Nickel, and Iron-Nickel (Hopkinson’s 
alloy) rotors and compensators, we are indebted chiefly to Dr Burgess 
and Messrs Jordan and Neville of the Bureau of Standards Melting 
was done, as was the case with Electrolytic Iron I and its compensator, 
m crucibles of zirconium silicate, or lined with zirconium silicate, m an 
induction furnace 

The lron-(''obalt (Preuss’s allo>) rods contained about 34% cobalt, 
0 2 and 1 5% silicon, 0 04 and 0 00% carbon 
The Cobalt-Nickel (Bloch’s alloy) rods contained about 45% nickel, 
54% cobalt, nearly 0 9% silicon and 0 3%, carbon, and minute quanti¬ 
ties of manganese, phosphorus and sulphur 
The Iron-Nickel (Hopkinson’s alloy) rods contained about 24 5% 
nickel, 75 0% iron, and small quantities of silicon, etc After being 
cast these rods were cooled for some time to —15° C (rotor) and —18° 
C (compensator), through the kindness of Dr C W Kanolt 
All these rods were cooled very slowly in their moulds m the fur¬ 
naces after casting, and thus came out annealed All the rotors re¬ 
quired balancing, the Preuss’s alloy least, Hopkinson’s alloy most 
For the'permalloy 27 rotor and compensator we are indebted to Dr 
Arnold and the Western Electric Company who were so kind as to 
supply us with the most nearly homogeneous rods they could produce 
and at a time when the development of the material was still in progress 
The rods were “dead soft annealed/’ and the rotor required little 
(static) balancing, although its density was about 1% less than it 
would have been if it could have been thoroughly forged 
Permalloy, a s is now known, contains about 80% nickel and 20% 
iron, and is extremely susceptible m weak fields We could not, of 
course, take full advantage of this susceptibility on account of the 
considerable demagnetizing factor entailed by the shape of our rotors 
Heusler’s alloy I and II were cast in an extremely cold room from 
“extra pure” aluminum, pure manganese and electrolytic copper, by 


>7 H D Arnold and G W Elman, Journal of the Franklin InsttHUe, 1M, 
621,1923 
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Professor W J McCaughcy of the Ohio State V Diversity, and one of 
us The ingredients were inserted in atomic proportions, melted in a 
graphite crucible, and cast in a heavy, specially prepared, graphite 
mould, with projections for journals greater than half an inch in 
diameter The two rods were cast from separate heats, and had con¬ 
siderably different moments in weak fields They were cast with axes 
vertical and are somewhat porous at the upper ends Heusler’s 
alloy II was not balanced, Heusler's alloy I was statically balanced for 
the final work 


TABLE 1 

ThK KOTORU AND SoML OF TllEIR CONMANT* 


1 

2 

in 

IBM 

ti 

i\ 

Rotor 

Diumttter 

Wright 

Moment* 

A tend tw* 
ret tion) 

(.undurtanofft 

Steel I (cold-rolled) 

— 

■ 

kp 

1 88 

0 76 

2 1% 

0122 

Steel II 

■ 

— 

0 62 

3 2 

— 

Steel III (annealed) 

109 

1 86 

1 00 

08 


Steel IV « 


1 07 

085 

(1 5 AF) 
10 


Electrolytic iron I 


1 95 

103 

06 


Electrolytic iron II 

3 32 

2 15 


08 


Norway iron I 

2 79 

1 52 

0 79 

18 

0127 

Armeo iron 

2 50 

1 27 

0 71 

19 

0110 

Cobalt I 

3 20* 

2 21 

0 82 

1 7 

0 052 

Cobalt II 

308 

202 

0 82 

19 

■mi 

Nickel I 

2 20 

1 14 

0 75 

(2 OAF) 

17 

0066 

Nickel II 

304 

207 

0 94 

09 

0157 

Nickel III 

3 01 

2 01 

0 93 


Kill 

Freusa's alloy (Fe-Co) 

3 28 

208 


06 

0148 

Bloch’s alloy (Co-Ni) 

320 

204 

070 

(0 4 AP) 
25 

0 044 

Hopkinaon’s alloy (Fe-Ni) 

3 25 

208 

044 

51 


Permalloy (Ni-Fe) 

3 34 

2 32 

125 

00 


Heusler’a alloy I 

314 

157 

048 

(—025 AF) 
46 

0043 I 

Heusler’s alloy II 

3 13 

1 60 

0 37 

81 


Copper 

307 

2 07 

—- 

— 

— 

Wood 

36 

1 27 

— 


— 


* Relative to Bled III (Approximate) 
t Relative to copper rotor 
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The rotors made from drawn or forged rods of nickel, iron and steel 
all appeared to be very nearly homogeneous, and little or no improve¬ 
ment could be made m attempts to balance some of them statically. 

The Vibration Specialty Co of Philadelphia endeavored to balance 
a number of the rotors both dynamically and statically. They were 
able in some cases to unprove slightly on the static balancing done m 
our own laboratory, but their machines were not sufficiently delicate 
to balance our rotors dynamically The balancing was done on the 
advice of Mr. Gano Dunn* 

The diameters of the rotors in their final states, their weights, and 
some of their other constants are given m Table I 


15 The bearings, countershafts, bedplates, etc. The bearing 
piece m which the rotor moved was a great improvement over that 
used in the earlier investigation It is illustrated m Figure 17 The 



bearing block A, at the east end, was bolted to the base C At the 
west end the base was provided with an accurately made slide and 
jib 0 in which the heavy block B could be moved longitudinally either 
directly or by the screw D It could be damped in any position by the 
jib and its screws Eight projections (four at first) on the bottom of 
the base were planed for attachment to a heavy bedplate, Figure 3, by 
thumb screws, some of which are shown m Figure 3 The base 
was provided with pins (removable in the latest part of the work) 
which fitted precisely into holes m the bedplate, making it easy to 
place it always in the same position. 

In some of the earliest work the original half-inch lumen metal 
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rotor bearings were used Later, new lumen bearings, made with 
greater precision, were substituted for them, as were also, sometimes, 
half-inch babbit bearings in bronze castings shaped externally like the 
original lumen bearings, so as to fit the blocks A and B Half-mch 
bearings of lignum vitae, bakelite, and San Domingo mahogany were 
also used on some occasions 

In much of the work a half-inch bearing was used at the driven end 
of the rotor, and a small bearing of bronze, or later, in most cases, 
agate, fitting the eighth-inch stellite journals, was used at the other 



Fio 18 


end The construction is shown in Figure 18, where D is the bronze or 
agate A lock nut, which is not shown in the figure, was later pro¬ 
vided, as on one occasion the agate became loose 
For the last senes of experiments, beginning m August, 1923, three- 
shrteenths inch bakelite beanngs, and, a little later, three-sixteenths boh 
agate beanngs, were provided for both bearing blocks, the principles 
of construction and mounting being similar to that of Figure 13, with 
the details different, as indicated in Figure 19 The beanngs had to be 
moved inward, as the journals were closer together, and the blocks 
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bad to be bored out to admit machined castings hea\y”enough to hold 
the agates or bakehtes with sufficient firmness ^8-^^ £]* 
For the excellent work done in making the agate bearings we are 
indebted chiefly to Mr A F Enckson, whose services were secured 
for us through the kindness of Mr Olof Ohlson of the Waltham W atch 
Company. 



Fm 19 

The bearing picce was for a long time mounted mijthe bronae'bed¬ 
plate, Figure 3, used in Columbus In the later work this was re¬ 
placed by a considerably heavier bedplate, Figure 6 This plate was 
much freer from magnetic material than the older plate, instead of the 
sloping nhs it was provided with machined horizontal nbs, which were 
exceedingly useful in se\eral ways, and better workmanship on its 
mounting surfaces made more precise adjustments practicable 
At the east end of the plate was mounted the small countershaft 
used in Columbus (including, later, a new rod freer from iron), Figures 
3 and (> Tn all the later work each of the bearing blocks for tins 
countershaft was electrically insulated from the bedplate E3 
When the rotor was dm en by a half-inch journal at the east end, 
the countershaft was connected with the journal by a small rod 
(finally of phosphor bronze und one-fourth inch m diameter) and a 
chuck (also finally of phosphor bronze) arranged as in Figure 20 The 



Fig 20 


rod, in the later work, passed through two guides of lignum vitae, 
Figure 6 f which served to protect it from accident and whichjwere 
originally intended as bearings to prevent vibrations — an arrangement 
which proved impracticable 

The rod and chuck, carefully balanced to prevent vibration, used 
in the last senes of observations, on rotors with three-sixteenths inch 
journals, are illustrated in Figure 21. 
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The small countershaft on the bedplate was connected by a some¬ 
what tliicker shaft, five-sixteenths inch in diameter, about 42 cm long, 
and provided with suitable chucks, to a third and larger shaft In the 
earker part of the work the third shaft was provided with a pulley and 
diiven by a belt, or by a gear box, connected with the source of power 
In the later work it was directly connected by flexible couplings 
(steam hose) and one or more additional shafts, connected by means of 
steam hose, to the gear box In all of the work of the last two years, 
there were six of these larger shafts between the small shafts and the 
gear box 




Fig 21 


The bedplate and countershaft beating blocks were bolted to brass 
cones or rods embedded in con a ete piers cast on the concrete floor, 
with the axis of the rotoi bearings (approximately) loci and parallel 
with the wires of the eoniptnsating frame, and with the center of the 
rotor dose to the center of the frame 

The later (and hcav iei) bedplate was bolted to the piers directly at 
twelve points, and at four points, under the central portion, to heavy' 
brass rods ending below m concrete 

16 The source of power. The ideal source of power for this 
investigation would have been compressed air, but suitable com¬ 
pressed air appliances for producing and controlling with precision the 
speeds of our rotor were not available The next best source of power 
is a polyphase electric system, but this also was not available when our 
work in Washington began Hence we had again recourse to single- 
phase alternating current motors 

A large repulsion motor of tins kind was used in the early part of our 
work m 1914, but it was atiandoned for compressed air, because we 
suspected it of introducing a systematic error Of this, however, 
there was no experimental evidence, and we used a small motor with 
repulsion start m the work of 1916-17, with an error which was un¬ 
doubtedly small As a possible source of systematic error with re¬ 
pulsion motors we had suspected the commutator, whose function is 




160 


BARNETT AND BARNETT 




rectification, and Mr Gano Dunn, who was not aware of our suspicion, 
later suggested the same idea to us and informed us that it was correct 
The only commutator motor which we had then tested (m its proper 
position and by means of the astatic magnetometer) had shown no 
certain systematic effect, but larger motors of the same type, by which 
it had to be replaced to get sufficient power for the higher speeds, all 
showed distinct effects on reversal of direction of rotation *• One of 
these larger motors was mounted inside the building just inside the 
east end of the frame, the others which were tested, in a concrete pit 
east of the building and connecting with the interior through a small 
tunnel Hie motor, when mounted m the pit, was about 6 7m from 
the magnetometer Two of these motors were used in the rotation 
experiments, and the effects referred to were determined and allowed 
for, but we thought it desirable to eliminate them entirely Hence 
we concluded to use a three-phase system when that became practi¬ 
cable, and finally mounted in the pit a General Electric 5 h p three- 
phase slip-ring motor, which was used in all the later work without 
appreciable systematic enor 

17 The speeds For this work it was important to obtain speeds 
as nearly uniform as practicable, and independent of the direction of 
rotation Belts did not prove satisfactory, and we soon adopted 
spiral gears Two boxes were made in the shfcp to hold bronze 
gears cut by the Philadelphia Gear Works, both with plain cylindrical 
bearings Later, one box had thrust ball lieanngs inserted, and was 
substituted for the other, used first One shaft of the box was joined 
to the motor shaft by a flexible coupling, the other to the countershaft 
most remote from the rotor The speeds obtainable were 1/1, 2/1, 
1/2, and 2/7 times the speed of the motor, which was a four-pole 
machine operating at about 30 r p s at the frequency 60 cycles per 
second and with the secondaries short-circuited The motor was 
started with a standard controller, and had also inserted in the second¬ 
aries three adjustable extra rheostats with resistances much greater 
than those of the controller Thus thp speed could be varied, between 
wide limits, either by considerable steps or by small gradations 

In much of the work a Weston magneto, repeatedly calibrated, was 
connected by a flexible coupling to the gear shaft operated directly by 
the motor, and speeds were determined from the voltmeter readings 
(and, in the later work, the magneto temperature) In nearly all of 

*• For the opportunity of testing various motors without their purchase, 
we are indebted to Mr, Eastman of the National Etectnc Supply Co 




MAGNETIZATION BY ROTATION 


161 


the recent work, however, the magneto was used only as an adjunct, 
and the speeds directly determined with a standard chronometer and a 
standard chronograph For the loan of this chronograph we are in¬ 
debted to the Coast and Geodetic Survey The substitution of chron¬ 
ograph for magneto considerably increased the labor involved, but 
until it was done we were often uncertain whether apparent speed 
troubles were real or were due to magneto imperfections 

The motor ordinarily required from 5 to 7 seconds to reach approxi¬ 
mately full speed It was operated ordinarily for 30 s (or sometimes 
35") Speeds were determined from the time of 600 revolutions 
(approximately 16 a , except during special tests) of the motor near the 
end of that interval 

The average behavior of the motor as finally used when developing 
the maximum power, with the gear ratio 2— 1, is illustrated m Table II, 
which gives a mean time of each hundred revolutions of the motor 
between successive chronograph breaks for the 700 revolutions ending 
with the last break before the magnetometer was read Each mean is 
obtained from thirty-five runs from four sets of observations taken at 
random from the last senes (Senes B) Group 1 is the earliest in 
time, group 7, the latest 


TABLE II 

Mean Times of Successive Hundreds or Revolutions or Motor 
Gear raho 2-1 


Order of group 

Dj 

2 

3 

D 

Eg 

gB 

B 

Mean time in seconds 









18 The upper compensating system. In order to make the 
sensibility of the magnetometer and its zero approximately independ¬ 
ent of the current in the mam compensating frame, it was necessary, 
as m the earlier expenments, to provide special coils, Figure 4, T> T, 
to compensate approximately the honzontal intensity -of the earth’s 
magnetic field m the region occupied by the upper magnet system 
As in the earlier experiments, two coils forming an approximate 
Helmholtz pair, centered on the upper magnet, were used. In the 
final apparatus each coil consisted of a single turn of wire about 6 8 cm 
in diameter, wound on a vertical ring of bakelite dilecto, the rings being 
screwed to brass bases movable for axial adjustment in a brass slide 
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by a right-and-left-handed screw R m such a wa> tliat the magnet was 
always approximately at the center of the system As before, the 
coils were connected in senes with the mam compensating coil and in 
such a way as to oppose the earth’s honzontal intensity 

The brass slide Z was screwed to a honzontal circle coaxial with the 
suspension and moving in a second coaxial circle 0 screwed to the 
magnetometer support A A tangent screw S provided slow motion 
in azimuth 

By the a\ial motion of the coils the sensibility was easily made 
identical, or nearly identical, when the current was on or off, and by 
the motion in azimuth the zero was made identical, or nearly identical, 
without the necessity of adjusting the control magnets These ar¬ 
rangements were very great improvements over those of the earlier 
experiments 

The control magnet slides, already refem d to, w ere mounted on the 
fixed circle 0 

19 The method of calibration Slow rotation during cali¬ 
bration The method of calibration used in nearly all the work was 
much superior to that used in the first magnetometer in\ estigation, 
and invohed three processes A, B and G\ including the use of three 
coils us pmnuty, secondary and reduction standards 

In process A it is necessary for eomonience and precision that the 
rotor be in rotation, so that a mean effect is obtained, otherwise read¬ 
ings must l>e taken for several equally spaced position angles of the 
rotor, as was done in the earlier work When the earth’s field is just 
compensated this necessity arises chiefly from the fact that the field 
about the magnetometer magnets due to the residual magnetism of the 
rotor, in both direction and magnitude, is in general a function of the 
position angle When the earth’s field is not entirely compensated 
there is a similar effect on the magnetometer due to the fact that the 
rotor is not m general magnetically symmetrical about its axis 

In processes B and C, where only ratio# of sensibilities are involved, 
slow rotation, when necessary, is required onlj on account of a rotor’s 
lack of axial symmetry 

Even with uns> minetneal rotors no appreciable error is made in 
process C, and only minute errors m process B, if the rotor is kept at 
rest 

Throughout nearly all of the in\ estigation described here the rotor, 
in processes A and B, was rotated slowly and uniformly either by a 
small and remote induction motor, or by the motor used in the pnnci- 
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pal experiments, the speed in this case being reduced either by gears 
or by suitable impedances m the circuit or circuits In some cases, 
for spectal reasons, the calibrations were made at the speeds of the 
principal experiments 

20 Process A. The magnetometer or absolute sensibility. 

In process A, the sensibility of the magnetometer itself, largely inde¬ 
pendent of the particular rotor and comjxmsator undei investigation, 
was determined by reversing a minute known current I through the 
small sensibility coils (the secondary standard) centered on the upper 
or lower magnet, and adjusting the sensibility control magnet until 
the desired deflection, A, was obtained This is the magnetometer, or 
absolute , sensibility 

In process A, as also m processes B and C , observations were made 
on a regular time schedule, reversals, alternately in opposite directions, 
being made at equal intervals In process A the readings (and re¬ 
versals) were usually 30" apart 

This sensibility was ordinarily determined ut the beginning and at 
the end of each senes of observations Large deflections, of the order 
of 20 cm , read to tenths of a millimeter, were ordinarily used m order 
to reduce the accidental error, with the result that quite sufficient 
precision was obtained, although the determinations were usually 
mode just before the beginning and just after the end of the best part 
of the night Usually the sensibility changed but little during a long 
senes of observations, so that the mean of the two sets was applicable 
with negligible error to all of the senes In the last series of observa¬ 
tions the average absolute error in the sensibility made in this way was 
about one-eighth per cent Interpolation was used when necessary 
For some (shorter) senes the sensibility was obtained only at the 
beginning or at the end 

As several absolute sensibility coils were used in the couise of this 
work, sensibilities obtained with other coils are all reduced to those 
which would ha\e been obtained with the coil used exclusively in the 
last series of otaervations. 

21 Prooess B. The rotor sensibility and the ratio of rotor 
sensibility to magnetometer sensibility. In process B the ratio 
of the rotor sensibility to the magnetometer sensibility was obtained 
To form the primary standard, a brass,tube, G, Figure 18, with length 
and internal diameter somewhat greater than those of the magnetic 
part of the largest rotor, was uniformly wound on a lathe with a single¬ 
layer solenoid of insulated copper wire One end of this solenoid was 
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soldered to the adjacent end of the tube, and the other end of the 
solenoid and the adjacent end of the tube were soldered to two twisted 
leads* The tube was slipped over the rotor and then held centrally 
and coaxially in position by two properly fitting rings FF attached to 
the bearing blocks A, B t Figures 17, 18. By obtaining the deflection 
B which would be produced by the reversal through this solenoid of 
the same current I as that used m process A the rotor sermbdtty B 
could be determined 

If A denotes the deflection for a given current produced on reversal 
w the first case, and B that in the second case, the ratio Q * B/A of 
the two sensibilities is fixed for a given rotor m slow rotation and a 
fixed position and condition of the magnetometer 

In general the magnetometer sensibility was determined, as already 
stated, immediately in connection with each group of rotation observa¬ 
tions at night The rotor sensibility m the latest work was not 
ordinarily determined with the magnetometer sensibility equal to its 
value in the principal experiment, but in this work the ratio Q * 
B/A was usually determined m the daytime with magnetometer 
sensibilities of the order of one-tenth those used in the principal experi¬ 
ments. In some cases, for the sake of additional security, determina¬ 
tions were made with the greater sensibilities, but no appreciable 
differences were found. The ratio B/A was always determined from 
long senes of large deflections, which were usually made approximately 
equal by making one of the currents an exactly known multiple of the 
other, and multiplying by the proper factor. 

In determining the quantity Q m B/A it is important, for precise 
work, especially when the upper absolute sensibility cod is used, to 
have the field m which the rotor moves approximately neutralised 
Tbs is necessary because Q depends on the ratio of the moments of 
the magnetometer magnets, and this ratio is different with and without 
compensation. The effects produced by compensation, however, are 
very slight, Q with and without compensation differing by only about 
one-third per cent 

22. Prooess 0. Reduction to uniform field. The reduction 
standards. If the calibrating solenoid used in obtaining the rotor 
sensibility B were infinite in length, it would, for equatorial positions 
of the magnetometer, have no $feet on the magnetometer and would 
produce a uniform axial field throughout the rotor, like that of the 
intrinsic intensity of rotation. The shortness of the solenoid actually 
used, as well as the work with axud positions of the magnetometer. 
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necessitated the third process C, in which for each rotor and position, 
so far as necessary, a determination was made of the ratio of C, the 
rotor sensibility as it would be if the solenoid were very long, to B 
For this purpose two other solenoids, the reduction standards, were 
constructed—one for equatorial positions and the other for axial posi¬ 
tions The axial standard was similar to the equatorial except that 
it was shorter, because it could reach only to the magnetometer The 
equatorial reduction standard was more than 40 cm longer than the 
primary, and had very closely the same diameter Like the primary 
it was very uniformly wound with 36 turns per inch The mam 
terminals were arranged as in the primary solenoid In addition, 
leads were soldered to the ends of a central section equal m length to 
the primary standard, and twisted together in the usual way 89 
In the determination of C/B t or of A' « (B — C)/B, a quantity 
more convenient in computation, two alteraatrve processes were used 
In the first, and ordinarily used process, in order to facilitate the 
determination, one of the astatic magnetometers was mounted on a 
separate stand with the same orientation as in the principal experi¬ 
ment, but with greatly reduced sensibility, and currents were used 
which were much larger than the calibrating currents, but not too 
large to prevent the magnetic moments from being strictly propor¬ 
tional thereto* As the solenoids were wound with the same pitch, 
and identical currents were used, the moments produced were nearly 
the same and therefore, m the equ&ton&l positions, the deflections 
An adjustable stand was arranged to bring the rotor under investiga¬ 
tion, centrally and axially mounted m the primary standard, and its 
compensator, into essentially the same positions with respect to the 
magnetometer system as those used in the pnncipal experiments 
For each of the chosen positions, identical currents were passed in 
turn through the complete solenoid and its central part, and the 
corresponding magnetometer deflections were obtained on repeated 
reversals 80 The absolute sensibility was determined, and the whole 
process was, m most cases, repeated (though this was found to be 

at Equality of the number of turns per unit length an primary and reduction 
standards is of course unnecessary Minute differences in diameter and 
length, if present, produce only differences of a higher older in the resulting 
moments, and an thus of no consequence 
90 In some later experiments the process was much improved as follows 
The equatorial solenoid was replaoed by one with the same length of central 
section and (as it happened) greater pitch, the whole being tnsutakd from the 
tube Deflections were obtained when the current traversed the terminal 
eoctums only and when it traversed the central eectum only, with rotor inside, 
and when it traversed the complete solenoid alone 
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unnecessary) when the rotor had been turned through one-third of a 
revolution about its axis, and again when it had been turned through 
two-thirds of a revolution (or through one, two, and three quarters of 
a revolution) Then the rotor was removed, the magnetometer sensi¬ 
bility again determined, and deflectioas obtained on repeated reversals 
through the complete solenoid of a current much larger than that used 
when the rotor was present, but bearing a known iatio to it 

In the other process, the procedure was essentially the same, except 
that the determinations were made with the magnetometer and rotor 
in their standard experimental positions in the compensating frame 
and with the sensibility of the same order as those actually used in the 
rotation work 

For a gi\en position of the magnetometer and a given rotor, let d\ 
and da denote the mean deflections, reduced to the same magnetometer 
sensibility, obtained on reversal when the current traverses the com¬ 
plete solenoid and its central portion only, respectively, with the rotor 
inside, and let d» denote the deflection, reduced to the same magnet¬ 
ometer sensibility, obtained when the same current traverses the com¬ 
plete solenoid with the rotor remov ed Then the deflection d which 
would be produced, for the same sensibility, by the rotor alone when 
magnetized by the uniform field of the complete solenoid is d =» d\— d& 
Hence, since the effect of the central portion of the reduction solen¬ 
oid is identical with that of the primary standard, C/B « tf/da, 
or K « (d 2 -d)/di 

The quantiti K as determined for all of the rotors in equatorial 
positions is giv en in Table I, column 5 Most of the experiments were 
made in the nearer equatorial positions, but in the several cases (in¬ 
cluding extreme cases) tested, no difference could be detected when the 
rotor was nearer to or more remote from the magnetometer Nor did 
the removal of the compensator make unv difference, nor the substitu¬ 
tion of weaker for stronger fields The oWrv ations for A were made 
with great care, and no one of the results given for equatorial positions 
is probably m error by as much as one unit in the first decimal place 
Accurate obscrv ations (indicated by AF in the table), but not so 
accurate as those for the equatorial positions, were made for one axial 
position and with but few rotors; but rough observations, made with a 
simple magnetometer, showed no differences for different axial posi¬ 
tions Also, olwervations made on some of the rotors near the end of 
the investigation gave practically identical results with those made 
much earlier 

23 Insulation of the standard coils. The three secondary 
standard coils used in the course of the principal rotation work were 
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wound on insulating cores After the completion of the work, two of 
these coils, including that used throughout Senes B, were completely 
unwound and their resistances found (practically) equal to the re¬ 
sistances when wound In the case of the remaining coil, the only 
part m which there was any possibility of a short circuit was unwound 
and tested, with the same result as for the other coils 

Of the two reduction standards used in the principal experiments to 
determine the end effects, and wound, os already stated, on metal 
tubes, the insulation of one was perfect, that of the other, tested after 
the experiments were completed, so nearly perfect as to introduce no 
appreciable error It gave, moreov er, identical end effects at the end 
of the rotation work and very much earlier 

Before the beginning of Senes A the insulation of the primary 
standard was tested and found to be perfect, the end of the coil soldered 
to the tube being temporarily freed for the test The resistance of the 
coil and its leads was then measured at internals until just after the 
completion of Senes B, and never showed a diminution Ix'low its \ alue 
when the insulation was known to be perfect Eight months after the 
completion of Senes B, however, and after transportation through 
Panama to California, with no precautions in packing to protect the 
coil, the icsistance of the coil was found to ha\e fallen 1 6 per cent, 
and the defect located just at the insulated end Suspicion that the 
insulation might have l>ecome defects e, at least at tunes, dunng the 
rotation work led us to apply additional tests as follows 

(1) With coils whose insulation was known to lx* (practically) 
perfect, we have made thiee independent determinations of the 
quantity Q for Steel III, one horn observations made for other pur¬ 
poses near the end of Series A, with the magnetometer in its standard 
position, two from observations made especially for this purpose 
When reduced to the conditions existing in Series A and Series B, these 
observations give values of Q two-thirds pei cent /cm, one-half per cent 
less , and two per cent Uss than the values obtained with the coil which 
was suspected and whose insulation thev would, if the discrepancies 
were not accounted for by the emirs m observation and reduction, 
indicate to lie more than perfect 

(2) As a further check on the values of the constants Q obtained 
for the various rotors in Series A and B (and therefore on the insula¬ 
tion of the primary standard) we have calculated for these senes the 
ratio, p, of Q for each group of expenments with other rotors (so far 
as data were available) to Q for Steel III, whose behavior was exceed¬ 
ingly constant, and we have made four more senes of direct determi¬ 
nations of this ratio with coils known to be (practically) perfect All 
the values of p are given m Table III 
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TABLE III 

Values ok p « Ratio or Q for each op the Rotobs to Q fob Steel III * 



* Magnetometer in equatorial poaitkxw irapt when otherwbe etated 
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All the values of p in columns (5) and (6) and most of those in 
columns (1) and (2) are ptobably correct to one-fifth per cent The 
remaining values of p are probably correct to one-third per cent 
Yet discrepancies much greater than these errors occur m the table, 
and the discrepancies between the individual values m columns (3)-(6) 
are in general as great as those between these values and those of 
columns (1) and (2), or between different values for the same rotor in 
column (2) 

The only factors to which it seems possible to attribute the differ¬ 
ences m columns (3)-(6) are the magnetization, which was small in 
(6), but not so small as in (i) and (2), and larger in (d)-(fl), and the 
methods used for demagnetization No systematic differences, how¬ 
ever, are apparent, and the considerable differences which occur 
would not be expected to originate from these causes It is apparent 
that some of the rotors are much more nearly constant in their behavior 
than others 

It is clear from the tabic that we could not, with an\ certainty, 
ascribe the differences occurring for the same rotors in columns (l)-(2), 
or the differences between the values in these columns and those in 
(3)-(5), to imperfection of insulation 

24 Sets of observations In order to reduce the accidental 
errors due to the fluctuations of the earth’s field and other causes it 
was of course necessary in the principal experiments to make many 
magnetometer readings and to make them on a regular time schedule, 
at equal intervals, as in the case of processes A, B, and C , and to elimi¬ 
nate various systematic errors (see below) it was necessary to spin 
the rotor alternately in opposite directions at the same speed 

In the later work observations were usually made m sets of twelve, 
sometimes twenty or more for low speeds In the case of a set of 
twelve, the motor was started, alternately nght handed (as seen from 
the east) and left-handed, at the beginnings of twelve successive 
minutes 31 Thirty seconds 83 later the magnetometer scale was read 
and the motor switch then opened The procedure was similar for 
sets of eight or ten rotations, as in some of the e&rher work, and for the 
larger sets To obtain the mean double deflection for the set, the 
second scale reading was subtracted from the mean of the first and thud, 
the mean of the second and fourth from the third, etc , and the average 
taken Examples are given m jflO 

St In a few oases other equal intervals were used 
»In some oases 33* intervals were used 
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25 The equation (or experimental determination of X. Let 

Hr denote the intrinsic magnetic intensity of rotation of a rotor for the 
angular velocity N revolutions per second, and d the magnetometer 
deflection produced bv reversal of the direction of rotation Also let 
H P denote the uniform magnetic intensity which would be produced 
throughout the rotor by a minute electric current I traversing the 
calibrating solenoid if infinite m length, and C the deflection produced 
by the reversal of the magnetization it would cause And let B denote 
the deflection produced by reversal of the came current 1 through the 
actual calibrating solenoid with the rotoi inside Then we evidently 
have 

Ih m i _ i _ m 

lie C if(l-A) w 


Let E denote the open circuit e m f of the calibrating cell, m volts, 
7f„ the resistance m the circuit, in ohms (that of the connections, 
battc ry, and solenoid being negligible), and n the number of turns per 
centimeter length of the primary solenoid Then 

//,- 4m£/10A, (0) 

Also let 1 denote the deflection produced on reversal of the current 
I through the absolute sensibility coils, so that B = AQ 

Let (j denote the ratio (gear ratio) of the rotor speed A to the motor 
speed iS, and let T denote the time of 500 rev olutions of the motor, 
so that 

A = as = 500 ti IT (7) 

Then, since we may write, w ith an error wlm h is negligible in all of our 
experiments, 

1/(1—A") - 1+ K 


we obtain m place of (I) the equation 

II r 4ictt FdT gauss 

X A 5000 li u VQA {l + h) rps 


( 8 ) 


which gives the experimental value of the intrinsic intensity of rotation 
per unit angular velocity In nearly all of our experiments n was 
14 71 turns per cm (36 00 turns per inch), Rq was 100,000 ohms, and E 
somewhat greater than 1 5 v olt 

When the calculation w r as made from magneto voltmeter readings 
instead of chronograph readings an equivalent formula was of course 
used 

The resistance R 0 was furnished by a coil in a standard box by 
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Leeds and Northrop, and agreed closely with standard resistances 
from boxes by Wolff and the Pyrolectric Co The electromotive force 
E was furnished by two dry cells in parallel and was measured nightly 
with a Wolff potentiometer, calibrated at the Bureau of Standards, 
and a Weston cell which agreed to 1 part in 50,000 with another similar 
cell, whose cmf was determined at the same Bureau The only 
appreciable errors accruing in connection with equation (8), as applied 
to any rotoi, come from rf, 1\ Q, and A, and the last three ore ordinarily 
negligible, or ycry small in comparison with the error m d 

26 The currents In the compensating coils. The current 
through the coils of the mam compensating frame was supplied by a 
60-\olt, 10-ampere storage battery used for no other purpose while the 
actual experiments were in progress The compensating value of the 
current, in the final arrangement, was about 1 383 ampere and was 
adjusted and read to about 0 0005 ampere by a Weston seimportable 
voltmeter and shunt and suitable 'variable rheostats A Wolff 
standard one-ohm coil was also in the circuit, and the cuircntmotei 
was frequently, in the later work nightly. cheeked with a Wolff 
potentiometer calibrated by a Weston cell The coppei resistance m 
tilt circuit was nearly one-half of the whole, so that the cumnt re¬ 
quired some time to be come steady It often did not change appre¬ 
ciably, but also often changed as much as 0 001 ampere, rarely more 
during a complete set of observations, though the circuit was always 
closed long before these obscnations began 

A single 6()-\olt, 30-ampere storage batteiy supplied the current 
for tile three subsidiary compensating systems, an arrangement of 
switches permitting each current in turn to be read by a single W eston 
portable ammeter This ammeter and suitable \unable rheostats 
made it possible readily to adjust and read the three currents with 
much more than necessary precision 

The proper compensating currents in the coils of the mam frame 
and in the A coils and B coils were determined with inductor coils and 
a ballistic galvanometer with \ery heavy electromagnetic damping 
The inductor coil used in most of the w r ork, for the mam frame and the 
B coils, is shown m Figure 22 The length of its two coils was about 
26 cm and the breadth about 7 cm A few minutes sufficed to clamp 
the coils over any of the rotors, or to remove them 

By setting this coil with the planes of its turns horizontal, and then 
turning it with the rotor, through 180°, first in one direction and then 
in the other, and reading the galvanometer throws for currents slightly 
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above and slightly l>elow compensation values, the frame current 
necessary to reduce the mean vertical intensity through die coil to 
zero was readily determined by interpolation with greater precision 
than necessary to set the ammeter to 0 0005 ampere 
After the frame current had been adjusted to the proper value the 
test coil was set with the planes of its turns vertical, and galvanometer 
throws obtained on its reversal through 180° This was done first 
with the current in the B coils zero, then with the current 0 50 ampere, 
1 00 ampere, or some other appropriate value, and the correct value 
of the current for compensation of the mean horizontal intensity found 
b\ interpolation The proper A coil current was determined in the 
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same way, but with a c\ lindncal inductor about 8 cm in diameter and 
6 cm long mounted with its axis horizontal and so os to be movable 
about a vertical axis 

If we could assume the frame to remain entirely constant and the 
variometers to be entirely reliable, one set of determinations such as 
those just considered, together with the variometer readings, would 
suffice for the complete investigation As two of the variometers, 
especially the vertical intensity variometer, were not trusted entirely, 
and as the frame (and for u time the windings) certainly underwent 
small changes, the compensation currents referred to (as well as the C 
compensation for nonumform field) were determined on many occa¬ 
sions In much of the work, m view of the insensitiveness of the 
magnetometer to edd> -current effects, the precautions taken were 
greater than necessary 

The proper setting of the current in the C coils was determined from 
observations on the rotation of a copper rotor, as described below. 

27 Position and adjustment of the compensator* If the 

magnetometer is exactly astatic and the compensator and rotor 
magnetically exactly alike, it is dear that for the best compensation 
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they should occupy similar or symmetrical positions with respect to 
tiie upper and lower magnetometer magnets 
In much of the work the compensator was placed approximately as 
if these conditions were realised Thus, in some of the work, it lay 
in V grooves, m the brass angle pieces /, Figure 3 Usually it was 
more exactly mounted, a closely fitting half-nng of brass, with 4 cm 
external diameter, lying between compensator and Ps, which were so 
constructed that then the axis of the compensator was very nearly 
parallel, and in the same vertical plane, \Mth that of the rotor, and the 

I 



Fig 23 


vertical distance between their axes very nearly equal to that between 
the centers of the magnet systems The center of the compensator 
was placed vertically above the center of the rotor Even when the 
nags were used, the arrangement was evidently not strictly correct 
for equatorial positions even on the assumption that rotor and com¬ 
pensator were just alike 

When the magnetometer was shifted on the casting F, Figure 3, in 
order to make the vertical equatorial positions possible, new arrange¬ 
ments had to be made for holding the compensator The final ar¬ 
rangements are shown in Figures 6, 12, and 23 In the axial position 
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the compensator (not shown in the figures) lay in V*a about as far west 
of the upper magnet as the rotor was east of the lower In the equa¬ 
torial position the compensator was placed above the upper magnet 
and about as far from it as the rotor was from the lower magnet 
Arrangements were provided for adjusting (equatorial position) m 
height, in axial distance from upper magnet (axial position), in altitude, 
and m azimuth 

These adjustments made it possible to correct very largely for (1) 
inequalities between rotor and compensator, for (2) inequality be¬ 
tween the momenta of the upper and lower magnetometer systems, 
and for (3) the horizontal angle between their magnetic axes We 
shall describe the methods of adjustment for the equatorial position 
only The same principles applied for the axial position 

Adjustments for (1) and (2) were made together The frame hold¬ 
ing the compensator, with its center in the equatorial plane passing 
through the suspension, and its axis approximately parallel to that of 
the rotor, was damped m position The magnetometer was then 
adjusted to the desired zero and sensibility 

A suitable current was then sent in the mmt directum through the 
two C coils, producing \er> nearly the same axial intensities in the 
rotor and compensator If reversal of this current produced a deflec¬ 
tion greater than the minimum desired, the height of the compensator 
was readjusted, and the process repeated until the deflection vanished 
or was reduced to the minimum sought Fluctuations of the declina¬ 
tion, or the cast and west component of the horizontal intensity, then 
had little effect on the magnetometer 

In making the adjustment for (3) the B coils were used With a 
suitable current traversing the coils and the magnetometer in adjust¬ 
ment, the deflection produced bj reversing the current was determined 
Then the azimuth of the compensator was altered, and the process 
repeated until the deflection on reversal vanished or was not greater 
than the minimum desired The magnetometer was then affected but 
little by fluctuations in the north and south component of the hori¬ 
zontal intensity 

During the adjustments mentioned the rotor was ordinarily in slow 
motion, usually in a neutral field, so that the mean magnetic axis of 
the rotor coincided with its geometric axis, and the moments of the 
magnetometer magnets assumed the values they had in the rotation 
experiments Hie adjustments for (2) naturally differed considerably 
when made in and out of the earth’s field, while that for (3) was not 
affected in this way 
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If the compensator is homogeneous and so leveled as to be parallel 
to the rotor, adjustments made as above are sufficient If, however, 
the compensator ls not homogeneous, or its magnetic axis (for induced 
magnetization) not coinc ident with its geometric axis, the adjustments 
here described are not sufficient to prevent fluctuations m the vertical 
intensity from affecting the magnetometer Hence, for bad compen¬ 
sators, it was necessary to proceed as follows m adjustment (3) A 
divided scale was pasted around the compensator so that its position 
angle with reference to a fixed mark could lt>e read The position 
angle, sensibility, and deflection were then determined Then the 
process was repeated for a number of angles through a complete revolu¬ 
tion of the compensator, and the position angle at w hich the deflection 
(reduced) was a minimum or a maximum determined The com¬ 
pensator wus then set. at one of these two angles, with its magnetic 
axis in the plane normal to the central line through rotor and com¬ 
pensator, arid the proper azimuth found as alxivc The magnet¬ 
ometer was then insensitive to fluctuations of cither horizontal or 
vertical intensity 

In making the adjustment (3) when the horizontal angle between 
the magnetometor magnetic axes was considerable, the compensator 
had sometimes to be turned out of parallelism with the rotor through a 
number of degrees This, of course, magnetized the compensator and 
produced a magnetic field at the rotor Crude experiments, however, 
wen* quite sufficient to prove that the maximum intensities produced 
m this wav were entirely negligible in their eddj -current effects on the 
rotor 

In the actual practice of the adjustments we did not, of course, 
attempt to make one adjustment final before making the other 
approximately, but proceeded by successive approximations 

28 Aystematie errors Aside from insulation errors, discussed 
below (§ 23), and other errors m the standards, which were entirety 
negligible, the principal systematic errors which had to Ik? investigated 
or overcome ma> be divided into two classes (A) those with origin 
independent of the magnetization of the rotor, and (B) those with 
origin dependent on the magnetization of the rotor, either permanent 
or induced 

Errors in class A maj arise from (1) eddy currents m the rotor due 
to incomplete compensation of the uniform part of the residual magnetic 
field, (2) eddy currents m the rotor due to incomplete compensation 
of the nonumform part of the residual field, (3) electric currents due 
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to thermal effects at the bearings, (4) electric currents due to thermal 
effects produced by the air driven against the bedplate, etc, by the 
moving rotor, (5) eddy currents and other electrical or magnetic 
effects in the motor, starter and other driving apparatus, (6) thermal 
effects on the magnetometer due to air thrown against it by the motion 
of the rotor, (7) Mbrations of the air inside the magnetometer case, 
affecting the suspension different!} for different directions of rotation 
(see § 50) 



Errors in class B ma> arise from (1) torsion of the rotor, which is 
dm en from one end and moves with friction in a bearing at the other, 
(2) thermal effects on the rotor due to the bearings, (3) thermal 
effects on the rotor due to the air currents produced by its motion: (4) 
centrifugal expansion of the rotor or other strain, aside from torsion, 
produced by the rotation, (5) axial displacement of the rotor which 
may accompany its rotary motion, (6) displacement of the rotor m 
altitude or azimuth in the residual part of the field with intensity 
normal to its axis, (7) the Thomson repulsion effect on the magnetic 
system due to the irregularity of the rotor's magnetization, and (8) 
mechanical disturbances, different for nght-and left-handed rotations. 

29 Bddy-eurrent arms from residual uniform field. Let us 

first suppose that the rotor is symmetrical and homogeneous and the 
residual field m which it moves uniform The intensity of this field 
may be resolved into three rectangular components, L horizontal and 
parallel to the rotor's axis, H horizontal and normal to the axis, and V 
vertical and normal to the axis 
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The component L produces no eddy currents, and only the hori¬ 
zontal components at the magnetometer magnets of the intensities h 
and ® produced by H and V can affect the magnetometer Let us 
denote the axial components of h and v by h a and v u , and their hori¬ 
zontal components parallel to the equatorial plane through the rotor 
by h< and 

The way m which the intensities h at h « and v at v t affect the magnet¬ 
ometer system, supposed always in the vertical plane through the axis 



of rotation, can be seen from Figures 24-27, which gi\e diagrammatic 
equatorial sections of the rotor and lower magnet when the magnet¬ 
ometer is vertically above the center of the rotor and which show 
diagrammatically the moments of the eddy-current systems to which 
similar right- and left-handed rotations give nse The moments 
Mr 0 and Mu are the moments which the eddy-current systems would 
have if there were no self-induction, and are 90° in advance of V and 
H f the actual moments Mr and Ml lead these 'vectors by an angle 
increasing with the speed 

30 Eddy-current effects from residual uniform vertical 
intensity. When H — 0, as in Figures 24 and 25, the vectors Mr and 
Mi, which are equal m magnitude, make equal angles with V on oppo¬ 
site sides, and their fields are symmetrical about the lines which 
represent them Thus at any point in the vertical plane through the 
axis of rotation (%)r *■ (t^l, and (»<)* « — 

The components will affect the sensibility of the magnetometer, 
and oppositely for opposite directions of rotation, but will produce no 
deflection on reversal or other change in the rotor’s velocity unless the 
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axes of the magnetometer systems are not parallel to the equatorial 
plane For simplicity, we may neglect the effect (relatively minute m 
equatorial positions, and small in axial positions) upon the upper 
magnet system and consider only the lower, which is much closer to 
the rotor If its axis makes an angle A (supposed small) with the 
equatorial plane, rotation will produce a deflection proportional to AV, 
changing sign with the velocity, so that it is doubled by re\ersal 
(effect a) 

When the magnetometer is strictly in the equatorial plane, v a *= 0, 
so that it can produce no deflection But if the magnetometer is given 
an axial displacement (supposed small) there will be, on changing the 
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speed, a deflection (effect 0) proportional to V and increasing with 
the axial displacement, but slowly on account of the small ratio of the 
diameter of the rotor to its length and the nearness of the magnet 
Since (vc)r — (r«)L. there is no deflection produced by reversing the 
motion 

When the magnetometer is axially mounted, («„)« * Wi =* 0, and 
the effect 0 \ amshes for each direction of rotation 

31 Eddy-current effects from residual uniform horlsontal 
Intensity. W T hen V 0, as in Figures 26 and 27, we find, in a similar 
way, that (h e )n = This component of the induced intensity 

alters the sensibility, equally for opposite directions of rotation, 
the alteration changing sign with the residual field intensity H, but 
produces no deflection unless the magnet system makes an angle 
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( A ) with the equatorial plane In this case there results a deflection 
{effect 7 ) proportional to AH, but independent of the direction of 
rotation 

In the equatorial plane t ( ha)a = “ so that the magnetometer 

is not deflected by this component But if the magnetometer is given 
a small axial displacement, there will ensue a deflection (effect 6) 
increasing with the displacement and proportional to //, and cliangmg 
sign, without alteration of magnitude, on reversal of the rotation 

If the magnetometer is m an axial position the effect 6 vanishes 

32 Eddy-current effects due to residual nonuniforxn in¬ 
tensity. If the residual horizontal intensity H is not constant through¬ 



out the rotor, it may, with sufficiently close approximation to the 
truth, be resolved into two components, one, H ot constant throughout 
the rotor, and equal to its value at the center, and the other, h t pro¬ 
portional to the axial distance from the equatorial plane, Figure 11 . 

The component H 0 may be treated precisely like H in what precedes 
For qualitative purposes the component h can be treated much in the 
same way, due attention being paid to the fact that its directions axe 
opposite on the two sides of the equatorial plane Figures 26-27 
may then be kpphed roughly to each half of the rotor 

Figure 28 shows, for nght-handed rotation of the rotor, and a given 
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distribution of h, the vertical components of the resulting moments of 
the two halves of the rotor and the direction of the field they produce 
at the lower magnetometer magnet m a vertical equatorial position* 
The horizontal components of the moments have evidently no effect 
on the magnetometer Reversal of the rotor produces a deflection 
(effect«) proportional to h and opposite in sign for the two directions 
of reversal 

The vertical intensity V , when not uniform, may be treated precisely 
like H f and resolved into two components V 0 and v Figures 24-25 
may be applied roughly to each half of the rotor, and the effect of v 
may lie seen through diagrams analogous to those of Figures 11 and 
28 The component v produces deflections (effect £) which are inde¬ 
pendent of the direction of rotation, so that the deflection on reversal 
of the rotor's speed \ amshes 

Effects c and f both vanish in the axial positions of the magnet¬ 
ometer for each direction of rotation if the angle A is zero, as does the 
effect« in any case, but the horizontal components of the fields asso¬ 
ciated with them may affect the Bensibihty, which they do not do in 
equatorial positions. 

33. Nonhomogenelty of the rotor. If the rotor is not homo¬ 
geneous, the two halves being unlike, what precedes will apply to the 
mean results obtained by observing first with one end of the rotor 
east, then with the other east 

Beoond order offsets. In all that precedes effects, such as 6a 
and 6y, due to the slight change of A produced by the rotations them¬ 
selves are neglected In our experiments they vanish or are elimi¬ 
nated with a, ft, etc 

34 Xlimlnation of the eddy-current errors. The process of 
eliminating the effect a consisted in making the uniform part of the 
field m which the rotor mo\ed so weak and the angle A so small as to 
render the effect negligible 

Two general methods of testing for and reducing the angle A were 
used In one, a small and accurately mode solenoid with horizontal 
axis was mounted with its center vertically beneath the magnetometer 
suspension The solenoid was turned about a vertical axis until its 
(horizontal) axis lay east and west A steady electric current was then 
sent through the solenoid and the deflection produced on reversing its 
direction was determined The process was then repeated, but with 
the solenoid’s axis north and south From the two deflections the- 
angle A could be determined, and then reduced as much as desired by 
the zero control 
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In the other method, a copper rotor was sometimes used With the 
main compensating current considerably increased or decreased from 
its normal value, right-handed and left-handed rotations were pro¬ 
duced in the usual way in sets, and the mean deflection due to reversal 
obtained The zero was then altered and the process repeated From 
the two groups of observations the proper zero could then be obtained 
by interpolation The same method was also applied by using mag¬ 
netic rotors, the zero being adjusted until the deflections were nearly 
the same for under-compensation and over-compensation much greater 
than those occurring during the principal experiments 

The error due to the effect a is opposite for axial and equatorial 
positions, and can therefore be eliminated, or its limits determined, 
by using both 

The effect 6 in the weak residual field was made negligible or very 
small by setting the magnetometer very nearly in the equatorial plane, 
or by setting it in an axial position The effect e was made negligible 
by compensating the nonuniform part of the residual horizontal field 
by means of the coil system C, described above Both effects were 
tested for by rotating both copper and the magnetic rotors, the adjust¬ 
ments being such, m much of the recent work, that changes in the 
currents of the B and C coil systems corresponding to residual fields 
much stronger than could exist in the rotation experiments produced 
only negligible effects 

35 Kddy-ourrent observations on copper made with the 
compensating system of the principal experiments. We have 
made many sets of observations on a rotor of copper about 3 1 cm in 
diameter and length similar to that of the other rotors and similarly 
placed. If we assume the conductivity of copper to be eight tunes 
that of iron, and the rotors of the same diameter and infinite in length, 
in a uniform field normal to their axes, and if we neglect self-induction, 
it is easy to show that the effect a of the rotor eddy currents on the 
magnetometer m equatorial positions is about four times as great for 
copper as for iron In general the eddy-current effects with copper 
are mud) greater than with the magnetic rotors 

In Table II, A is the absolute sensibility, d the deflection obtained 
when the copper is rotated, and the direction of rotation reversed, in a 
field whose uniform part, and that only, is supposed to be annulled 
(except for the second line for May 16, 1923, which refers to observa¬ 
tions made with the C current properly adjusted to reduce the effect € 
to zero, and for the observations of December 28, made with the B cur- 
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rent too large by 13 divisions), Ad/AV is the increase in deflection pro¬ 
duced by increasing V (the current m the mam compensating frame) 
by one division (0 01 ampere), usually from half a division below the 
compensating value to half a division above, 100 Ad/AC is the increase 
of deflection produced by changing the C current 100 divisions (100 
ampere) in the positive direction, and 5QAd/AB is the increase of 
deflection produced by increasing the B current by 50 divisions 
(0 50 ampere) 

TABLE IV 

Results of Ouhkevations ox Copper, August 9, 1922 to December 28,1923 * 
All deflections in centimeters Gear ratio 2 — 1 


Data 

Mug pew 

No 

sola 

Approx 

A 

■ 


Ad/AV 

inu Arf/Af 

00 Ad/A* 

1022 




EE 

MM 





LEQ 

0 

17 4 

minute 

+004 

— 

+004-002 

102J 








Mar C 

LEQ 

0 


-0 28 -003 

+0 19 

+0 27 002 

— 

Mar H 

AN 

4 


-0 01 

005 


-003 005 

— 

fMay 8 

LEQ 

SI 


-0 02 

0 08 

-0 10 

— 

— 

(May 1C 

LEQV 

Rfl 


+0 16 

0 04 


+0 45 0 03 

— 

{May lb 

“(0-31) 

1 

18 4 

+0 03 



— 

— 

Aug 24 

LEQV 

4 

17 3 



-058 

+0 34 003 

— 

Oct 19 

EQV 

4 

18 4 

+0 07 

0 04 



— 

Nov 11,14 

« 

EH 

ISO 

+0 06 

007 


+0 29 004 

— 

Dec 20 

a 

4 

21 2 

+0 03 

006 



— 

Dec 28 

u 

2 

161 

+0 02 

0 07 


+0 17 004 

—— 


* Some obwrvHtiooft made on Nov 10, 1022, with poor adjustment*, are not included in 
Uie table. 

t Simile longitudioal loop in uae. 
t Double longitudinal loop in use 

From the \ alue of A and that of lOOArf/AC the proper value of C can 
be calculated on the assumption that d is wholly due to the nonuni- 
forrn part of the horizontal intensity Thus from d « +• 016 for 
May 10, 1923, and lOOAd/AC » + 0 45, we find the proper value of 
C to be —31 divisions When C on this date was made —31 divisions, 
d became very small, viz , d ® + 0-03 * 0 06 
The assumption that d is wholly due to the nonuniform part of the 
horizontal intensity is not strictly justified for the position LEQ, in 
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which the nonumform part of the vertical intensity is also effective, 
since the suspension is not in the vertical plane through the axis of the 
rotor 

36 Further eddy-current experiments on copper and mag¬ 
netic rotors. In other special experiments on the rotors of copper and 
annealed steel we have confirmed the deductions of §§ 29 and 30 with 
reference to the effects of rotation on magnetometer sensibility, and 
have determined the effects and 6 in vertical and horizontal fields 
normal to the rotor and equal m magnitude to that produced by 100 
divisions of current in the B coils The experiments were made with 
the aid of a special compensating frame m relatively strong fields and 
at low sensibilities, and the results then reduced to those which would 
have been obtained with the intensity indicated al>o\c and the ap¬ 
proximate absolute sensibility A * 20 cm 

In Table V /3 and 5 are the increases in the deflection due to reversal 
of the rotation when the magnetometer is shifted through the central 
position 1 cm toward the east, the first for a field in which the in¬ 
tensity is xertical and downward, the second for a field in which the 
intensity is horizontal and northward The quantity AA/A in the 
last column is the change in the absolute sensibility produced by the 
rotation of the copper, either right-handed or left-handed, in the 
northward horizontal field (with intensity equal to that produced by 
a current of 100 divisions m the B coils) Changes of similar magni¬ 
tude, but opposite in sign for the two directions of rotation, were 
produced by a xertical field, which produced effects not certainly 
appreciable on the steel rotors 

TABLE V 

Eodt-currentEkfkcts in CorPFK and Stfki Magnftommkk Position EQV. 


Rotor 

Speed 

0 

« 


Copper 

26 r p a 

—0 02 cm 

+0 92 cm 

— 


61 

+004 

+ 109 

-H% 

Stool III 

26 

+0 09 

+0 18 

— 


61 

+0 02+ 

+0 22 

— 

StoellV 

61 

-0 06 

+0 09 

— 
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The effect & for reversals of rotation, should be zero, and the de¬ 
partures from zero in the table are doubtless accidental The effect 9 
for copper, as would be expected, is much greater than for the other 
rotors* 

The copper rotor (like the others) in these experiments was m its 
final state Its homogeneity is proved by the fact that m a number 
of sets of observations reversal from maik east to mark west produced 
(m the horizontal field indicated above and with A « 20 cm ) only the 
deflections + 0 035 * 0 03 cm 

The effect 6, as the table shows, is only slightly greater for the 
higher than for the lower speed, a fact which emphasizes the impor¬ 
tance of working at the higher speeds m the principal experiments 
In the principal experiments m equatorial positions the axial dis¬ 
placement of the magnetometers center from the vertical plane passing 
normally through the center of the rotor was small, very minute in 
Senes A, and never greater than about 2 or 3 mm m Series B The 
greatest value of A B, the excess of the B current o\er its correct value 
for exact compensation, viz, +18 divisions (see Table XIII), occurs 
with the Norway iron rotor, whose conductance (Table I) is about 
equal to that of Steel III The double deflection for this rotor due to 
the effect 5 at the highest speed would be, at the greatest, about X 
A X0 22 X ‘W X fifty" 001 cm, which is much less than the acci¬ 
dental error And the effects 5 are smaller, in most cases much smaller, 
for the other rotors m Senes B The effect vanished for all the 
magnetic rotors m Series A 

Many additional observations on eddy-current effects in the mag¬ 
netic rotors made with the compensating system used in the pnn- 
cipal expenments are given in Table IX, § 50 We give here a few 
results, obtained with the same compensating system, on the vanation 
of sensibility with speed on account of incorrect compensating currents 
With Permalloy, and the magnetometer in the position AN, the 
sensibility was determined at the gear ratio 2—1, for nght and left- 
handed rotations, the first giving A « 20 65 * 0 08, the second 
A * 20 86 =*= 0 18, when V was 0 5 division too small. The sign of the 
difference of 1% is m accord with the theory, the vertical components 
of the residual intensity in this case acting to dimmish the sensibility 
for nght-handed rotations, and to increase it for left-handed rotations 
With Steel III, magnetometer position LEQV, and the B current 
40 divisions too small for correct compensation, very slow rotation 
gave A - 20 18 * 0 09, while nght-handed rotation at the gear ratio 
2—1 gave A ® 20 30 ± 0 16 Again the sign of the small effect is in 
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accord with theory. The result is larger than would be expected from 
the above results with the copper rotor, but a considerable part of the 
apparent effect may be due to accidental error 

37 The effect of the lower magnetometer magnet on the 
compensation currents By means of simple induction exj>eri- 
ments, involving the use of a magnet whose moment was a considerable 
and known multiple of that of the lower magnetometer system with 
six magnets, and which it is unnecessary to describe in detail, we 
determined foi a number of diffeient cases the flux $ which this lower 
magnet sent through the coils of Figure 22 clamped over a rotor 

For the position LEQ , a copper rotor, and the planes of the turns 
horizontal , $ (vertical) was equal to the Auk produced b\ the frame 
current corresponding to 0 035 division on the ammeter, the vertical 
flux of the uncompensated field corresponding to about 13ft 5 divisions 
With the planes of the turns vtrtical, $ (horizontal) was equal to the 
flux produced by the frame current 0 011 division, the horizontal flux 
of the uncompensated field corresponding to almut 138 5 divisions 

For the position LEQV, and a large nickel rotor, the vertical and 
horizontal fluxes were respectively 0 and that produced by an intensity 
0 00088 H, corresponding to 0 077 ampere m the B coils 

For the position EQV, the vertical and horizontal fluxes were 0 
and that produced by an intensity 0 000(55 //, corresponding to 0 057 
ampere in the B coils 

For the two axial positions used, the vertical fluxes were of course 
0, and the horizontal fluxes for the positloas -IF and IX were aliout 
0 1 and 0 2 that for EQV 

The above values are all for a lower system with six magnets For 
a lower system with three magnets the fluxes are only about one-half 
as great 

38 The effect of the control magnets and upper compen¬ 
sating colls on the compensation currents The small upper 
compensating coil, when traversed b> the compensating current 
usually employed, viz, about 1 4 ampere, had a moment of about 
lOcgs. units 

Thus coil thus produced at the axis of the rotor, about 60 cm 
helow, a normal horizontal intensity of about Zf/4000, symmetrical 
about its center 

The control magnets, whose moments are given in § 8, produced 
intensities which were very much less 
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39 Eddy-current effect! of the lower magnetometer magnet. 

When m the position EQV, a six-magnet system, 12 9 cm above 
the rotor's axis, and normal to it produced at the center of the rotor 
a horizontal intensity about 0 00094 X H, a three-magnet system 
about 0 0005 X II On account of the rapid falling-off of the in¬ 
tensity toward the ends of the rotor, this field, from symmetry* could 
give rise to only a minute effect 6 even if its intensity were greater and 
the magnetometers were considerably displaced front the central 
position 

If the axis of the magnet is not stnctly normal to the rotor’s axis* 
the axial component of its moment produces along the axis of the 
rotor a nonuniform field whose vertical component for a special case 
is given in a curve (marked “6 magnet system/’ etc) of Figure 13 
If this field were fiftd, and the magnet free to move, no change of 
magnetometer reading on reversal of the motion would occur Inas¬ 
much, however, as the angle changes, on account of the rotation effect 
under in\estigation, on reversal, there is a second ordtr effect produced 
From Figure 13 and the fact that the axis of the lower magnet points 
north, it is easy to see that effect is such as to reduce the deflection 
produced by reversal of rotation 

40 Other effects of the lower magnet If the lower magnet, 
soMTiagnet system, distant 12 9 cm from the rotors axis, makes an 
angle 0 with the equatorial plane, it produces at the center of the 
rotor an axial intensity h = 0 00094 X H X 0 « 0 00018 X 0 gauss, 
and if the angle changes by Ad, Ah — 0 OOO18A0 gauss For a 4-cm 
deflection Ad * $ X 4/600 (approx) * 00033, and Ah «* 6 X HH 
gauss 

If a 4 cm deflection w produced by reversing the rotation at a speed 
60 r p s , the change Ah' in the intrinsic intensity of rotation is about 
3 7 X 10~ 7 X 60 gauss, or about 220 X 10“ 7 gauss Thus Ah is less 
than 3% of Ah* 

Suspicion that Ah, as well as magnetometer eddy-current effects, 
might be sufficient to affect our results appreciably led to experiments 
in which the magnetometer sensibility was greatly reduced (ratio \), 
the six-magnet systems replaced by three-magnet systems, and the 
position of the magnetometer altered by increasing its height 4 7 cm 
All were without appreciable effect In theory Ah is fully taken 
account of in the calibration 

41 Elimination of errors due to thermal currents from 

bearings When the bearings supporting the rotor and various 
countershafts are not electrically insulated from one another, electric 
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currents of thermal origin are m general produced by the rotation, and 
they produce a systematic error if the heating of the journals depends 
on the direction of rotation, as it may do even when the opposite angu¬ 
lar velocities are equal We have definitely observed the objectionable 
effects of such currents only in the case of the copper rotor, with which 
it is easy to recognize them as of thermal origin by their time charac¬ 
teristics This effect has been avoided in all the recent work by 
sufficient insulation of nil the bearings within a considerable distance 
of the magnetometer 

Furthermore, when all the bearings were insulated, and the copper 
was rotated m a weak residual field by a half-inch journal in a bearing 
of lignum \Jtae m the east bearing block, we obtained (January 11, 
1923) from many rotation reversals at about 60 rps and with the 
magnetometer in the lower equatorial position the deflection d * 
—0 02 * 0 08 cm , but when the wood was replaced by lumen metal, 
we obtained d * + 0 19 =*= 0 13 cm , with absolute sensibility A about 
100 cm The errors are large, but there is apparently evidence of a 
definite effect of failure to insulate one journal from its bearing Any 
such effect was eliminated or greatly reduced by the type of journal and 
bearing finally adopted and already described 

42 Effect of air currents on bedplate In seeking to account 
for some of the observed discrepancies, we were led to suspect that the 
air currents produced by the rotation of the rotor and impinging on 
the (bronze) bedplate differently for the two directions of rotation 
might produce a differential deflection on reversal The rotations in 
Table VI on copper, which were obtained while investigating the effect 
€, possibly show such an effect, while the somewhat better observa¬ 
tions made with a still larger rotor of wood, for this purpose only, do 
not show the effect In each case, some of the observations were 
made with a thick piece of cardboard between rotor and bedplate, 
and some with the cardboard removed 


TABLE VI 

(Ma<inutom£T£b Position EQV ) 


Rotor 

No Htl 

Cardboard 

Ditfloction 

HeualblUly 

Copper 

4 

on 

051*0 06 cm 

18 1 cm 

M 

6 

off 

065 009 

18 1 

Wood 

3 

on 

-0 02 0 08 

18 0 

u 

3 

off 

-002 006 

180 
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Other experiments, with various rotors, in which rotations were 
made with and without the brass calibrating tube about the rotor, or 
with a semicylindncal piece of cardboard, designed to separate the 
rotor from the magnetometer but not from the bedplate, in place and 
removed, do not show any effect of the screening 

This effect will be referred to Id ter m connection with the error 
B (3), § 28 

In most of the final work the rotor was screened from the bedplate 
by heavy cardboard or was completely surrounded by a thick card¬ 
board tube about 6 2 cm m diameter (internal) See Table XIII 

43 Elimination of thermal effects on magnetometer. It 

has long been known, or at least suspected, that small quantities of 
heat transferred to a sensitive magnetometer (at least a magnetometer 
with a metal case) may produce deflections which are far from negli¬ 
gible , and we have obtained much evidence for the existence of such an 
effect We of course suspected the possibility of a systematic error 
from this source in this investigation, since the rotor, if it throws the 
air against the magnetometer, does so differently for the two directions 
of rotation The error would evidently be much greater for equatorial 
than for aval positions of the magnetometer The thorough wrapping 
of all but the upper part of the magnetometer with cotton and paper 
apparently sufficed (if indeed it was necessary) to prevent this effect, 
even without the tube or cardboard screen with which the instrument 
was separated from the rotor in nearly all but the early work. 

44 Errors due to the motor and other driving apparatus. 

Table VII, A, gives the results of the tests which were made, with the 
field of the earth at the center of the frame annulled, on three single¬ 
phase motors which a ere used in work with the large compensating 
frame The motor and gear box, when in the position marked “m,” 
were inside the building, just inside the east end of the frame, in the 
position marked “out,” they were in the pit east of the building and 
about twice as far away from the magnetometer A is the magnet¬ 
ometer sensibility, d the mean magnetometer deflection {R—L) pro¬ 
duced on reversal of the motor, and A r d the average departure of this 
mean from the mean deflections for all the sets in the group 

The observations showed no certain differences for the gear ratios 
2 —1,1 —1, and 0 (motor and one gear shaft running alone), nor for 
different rotors (with their compensators), soft iron, nickel, and none 
Hence the results for each motor and magnetometer position are all 
grouped together 
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In these observations the rotor, when used, was damped in position, 
and the small chuck and rod by which it was ordinarily connected to 
the first countershaft were removed Many experiments have shown 
that in the compensated field this small element produces no appre¬ 
ciable deflection When the compensating current was annulled, a 
deflection of + 0 84 cm was obtained at the speed 2—1 

Table VII, B , gives the results with the three-phase motor in com¬ 
pensated fields The first group was obtained from August, 1922 to 
January, 1923, the second in May-June, 1923, the third in October- 
November, 1923 In some cases there was no rotor (or compensator) 
present, in others there was a rotor of wood, either at rest or in rota¬ 
tion, m others, rotors of copper, nickel, permalloy, or cobalt, always at 
rest (with their compensators), in some cases the chuck and connecting 
rod were removed, whde in all the later work they were present and in 
rotation The observations show no difference's depending on these 
conditions, as they should not if the motor and other very remote 
parts of the rotating system are alone responsible for an> effect ob¬ 
tained The quantity A f d is the average departure of the individual 
observations in a set from the mean for the set, averaged for all the 
sets in the group, while the quantity A f, d is the average departure 
from the group mean of the means for the sets which constitute it 
The effect is evidently zero within the limits of the experimented error 
for all speeds 

When the earth’s held at the center of the frame is not annulled, and 
eddy currents are developed in the near parts of the system, the de¬ 
flections are very different for different conditions — ranging, for the 
gear ratio 2—1, from + 14 cm with a wooden rotor and the magnet¬ 
ometer position LEQ to —0 1 cm for the permalloy rotor and the 
position EQV, with the connecting rod and chuck in rotation m 
both cases 

In obtaining the later results in compensated fields, in which the 
rotors were always clamped in position, it was of course possible that 
residual cross-magnetization of the (resting) rotor might induce cur¬ 
rents in the near-by chuck and driving rod Hence the experiments 
were mode in pairs with the position angles of the rotor differing by 
180°, and the means taken No certain effects of the rotor's mag¬ 
netization were noticed 
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TABLE VII 

Effects of Driving Apparatus, with Single-phasic and Three -phase Motors 
A Repulsion Start Single-phase Motors 



45 Demagnetisation and reversal of rotors and oompen* 
sators. It is clear that all errors of class B would vanish with the 
magnetization of the rotor, and would be less the smaller the magneti¬ 
zation They are eliminate! more readily the more stable su6h 
magnetization as is residual 
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In demagnetizing the rotors and compensators we have used the 
method of reversals and the method of mechanical shock We have 
found that the stability of the residual magnetization is greatly in¬ 
creased if, m the application of the method of reversals, the current 
for each step is allowed to flow for a considerable interval We have 
used, in all the recent work, intervals of about half a minute, with 
rather quick reversals between them, and very numerous steps A 
great deal of time was saved by making the apparatus automatic 
Sometimes we have succeeded in reducing the magnetization nearly 
or quite to the minimum readable with the testing magnetometer 
arrangement used by the method of rcxersals alone, but this was not 
usually the case, in spite of repeated attempts to perfect the apparatus. 
Most of the magnetization left after a long application of the method 
of reversals, with the current usually reduced to zero by hundreds of 
steps, was usually remoxed by striking the rotor, with a block of lead 
weighing about half a kilogram, more or less sharply and with its 
magnetic axis making a greater or less angle with the intensity of the 
earth’s field, according to the rotor’s characteristics 

In order to keep the magnetization as nearly constant as possible, 
both when the magnetization was being tested and when the rotor 
(or compensator) was being reversed m the pnncipal experiments, 
reversals were alwa>s made, except in the earliest part of the work, 
with the axis of the rotor (or compensator) turning m a plane normal 
to the intensity of the earth’s field 

The intensity of magnetization of the rotors as used in the last 
senes of expenments is gnen in column 30 of Tabic XIII For the 
preceding senes, the rotors were in general still better demagnetized 
The magnetization of the compensators was always so small as to have 
entirely negligible effects on the held in the region occupied by the 
rotor A measure of the irregularity of the residual magnetization of 
the rotors as used in the last senes is given in column 31 of Table XIII, 
where the "oscillation” is approximately equal to the range of motion 
of the spot of light on the magnetometer scale which would be pro¬ 
duced by very slow rotation of the rotor m the compensated field 

46 HI ruination of errors doe to torsion In the investigation 
of 1914-15 on large rods of cold-rolled steel the effects of torsion, due 
to journal friction at the end of the rotor remote from the motor, were 
found to be negligible Also in the early magnetometer work with 
cobalt and nickel our tests did not reveal an> certain torsional effect 
In the recent work, however, m which the range and precision of the 
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observations have been greatly increased, torsional effects have often 
appeared 

Torsional effects are of two kinds, according as the magnetization 
is residual or induced The first vanishes with the residual magnetiza¬ 
tion, the second with the residual axial field 

For very small twists, at least, the first is proportional to the torque, 
and thus changes sign with the direction of rotation, the second is 
proportional to the square of the torque and independent of the 
direction of rotation The first effect may thus give nse to a s>ste- 
matic error The second, provided the magnetization is stable, can¬ 
not do so if the pnncipol observations are made only for equal speeds 
in opposite directions, unless the journal friction at the remote end of 
the rotor depends on the direction of rotation 

We have no evidence of the appearance of the second effect in our 
recent work, and many experiments have given the same results with 
and without an axial field 

If the two journals are exactly alike, the rotor balanced, and its 
magnetization stable, the first effect can be eliminated by observing 
first with the magnetic axis of the rotor m one direction, then with the 
axis turned through 180° by reversing the rotor in its bearings Both 
effects can be eliminated by direct measurements upon the change of 
the magnetic moment of the rotor due to the application of a known 
torque, and the determination of the actual frictional torque acting 
upon the journal remote from the motor m the rotation experiments 
When the journals and bearings are similar, this is just one-half the 
torque driving the rotor, which can be determined electrically. Both 
torsional effects can be eliminated simultaneously by driving the rotor 
alternately from each of the two ends, one end always being free except 
for journal friction, provided the journal torques are identical at the 
free ends 

The first method is the one which we have almost always used We 
have tried the second in a number of cases, but since all other friction 
in addition to the friction of the rotor bearings introduces irregulari¬ 
ties, the method is not satisfactory with the delicate rotors used in this 
investigation The third method we have not tned 

It is of course difficult to be certain that the two journals are 
exactly alike The fnctional torque should be made as small as 
possible, and then the effect of residual irregularities will be reduced. 
It was for this reason that accurate eighth-inch stellite journals, well 
polished, and running in an agate bearing with clock oil as lubricant, 
were substituted, at the west end of the rotor, for our original half- 
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inch journals This effected a very great improvement. So far as 
torsion is concerned, the final three-sixteenths inch bronze journals and 
agate bearings appeared to perform equally well 

Inasmuch as the journal friction is nearly independent of the speed, 
the systematic error produced by torsion, when existent, is much less 
at high than at low speeds 

47 Irror due to thermal effects of journal friction on mag¬ 
netisation. In addition to the thermal effect i4(3) which may pro¬ 
duce a greater deflection with a magnetic rotor than with a non* 
magnetic one, the heat developed by journal friction may appreciably 
change the magnetic moment of the rotor, and differently for the two 
directions of rotation, and thus introduce systematic error 

So far as temporary magnetization is concerned, this effect vanished 
in our work, as no change was produced by the creation of even a 
considerable axial field 

As to permanent magnetization, if the journal torques for a given 
speed are identical at the two ends, the thermal effect of a systematic 
speed difference for the two directions of rotation can be eliminated by 
reversing the rotor m its bearings 

To reduce this error as far as possible, we first had the half-inch and 
eighth-inch rotor journals and bearings made as well as we could, and 
finally substituted the three-sixteenths inch bearings and insulated 
journals This not only reduced the thermal effects at one end of the 
rotor, but greatly cut down the rate at which the heat produced was 
conducted to the rotor Moreover, as the new journals were very 
precisely made, and as nearly alike as possible, the elimination of the 
error from any residual effect by reversal of the rotor was more nearly 
complete. 

48 Error due to thermal effect of air acting on rotor. Avery 
similar systematic error may be introduced by the air currents due to 
the motion, which, on account of asymmetry, may act differently on 
the rotor for the two directions of rotation. By reversing the rotor in 
its bearings this error also can be eliminated, provided the magnetiza¬ 
tion is sufficiently stable. 

49. Examples of torsion, Journal friction, and air Motion 
effects on magne t iza t i o n. In general these effects were made 
small by suitable demagnetization and by the other devices used. 
The following examples of the behavior of nickel show how trouble¬ 
some they may be, also how they can be largely eliminated by reversal, 
even when of unusual magnitudes 
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On October 16 t 1022, a rod of nickel, through which the central re* 
sidual flux density was about 0 04 bne/cm *, was rotated At the gear 
ratio 2—1 with an eighth-inch bronze bearing west and a half-inch 
lumen bearing east When the posttrve pole was west, right-handed 
and left-handed rotations both produced large deflections up the scale, 
the mean deflection betng A = + 21 cm =*=, but the differentia! de¬ 
flection d(=» H — L) « + 3 26 cm When the rotor was reversed, the 
positive pole being now east, the mean deflection was near A » — 23 
cm =*=, and the differential deflection d = + 3 GO cm The means for 
positive pole east and positive pole west are A = — 1 cm ** and 
d. xx + 3 43 cm (All deflections /ire recced to the same magnet¬ 
ometer sensibility A about 17 8 cm ). 

When half-inch Imhehte bearings were substituted for the half-inch 
lumen lx?arjpg and the eighth-inch bronze bearing, and machine oil 
was used in place of clock oil (with which the beanngs were lubneated 
m the jexpenments just described), the following results were obtained 
(for A = 17 8 cm , as above) with the same speed as before With die 
positive pole east , A = — 30 cm , d ** — 1 88 cm , with the positive 
pole went, A =« + 27 cm *=, d *= + 8 08 tin * The means are 
A « — 1 5 cm =*=, and d m + 3 38 cm 

The observations for A were exceedingly rough 

With another rotor of nickel, of about the same dimensions, but 
provided widi the latest type of insulated journals running m three- 
sixteenths inch agate beanngs, and with residual induction about 0 07 
line per cm* 2 , wc obtained, m November, 1923, for the gear ratio 2—1, 
the results A — — 66cm , <2 = + 3 16cm with the positive pole west; 
and A — + 66cm t d ** + 3 29 cm with the positive pole east, means, 
A *= 0 0 cm, d « + 3 22 cm All are reduced to the sensibility A » 
18 4 cm (These \alues are not comparable witli those given above, 
os die magnetometers used and their positions were different) 

The effect of the air on the rotor’s magnetization is well illustrated 
by observations made at the same speed on the same nickel rotor 
shortly after the observations just described A stiff paper bag was 
put over the lower part of the magnetometer, in such a way as to lie 
quite asymmetrically with the vertical plane through the rotor's 
axis. For positive pole west we now obtained dw “ + 3 04 on , for 
positive pole east, dg * + 3 42 cm , mean, +3 23 cm., all reduced to 
the same sensibility as above, viz, A » 18.4 cm As the rotor's 
magnetization and the speed remained nearly the same, the difference 
between the new value of dg — dw, viz, +0 38 cm, and the old value, 
without the bag, viz , +0 13 cm., must be attributed almost entirely 
to the change in the symmetry of the air effects. 
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' 30 The errors due to centrifugal expansion- and other strains 
aside from torsion. The possible systematic error due to the change 
in the magnetic moment of the rotor brought about by centrifugal 
expansion, and shown in 1915 to be proportional to the square of the 
speed, can be eliminated, as formerly, by ohsei vmg for equal speeds in 
opposite directions If there is a systematic difference between the 
speeds for the two directions of rotation, error due to the permanent 
part of the magnetization can be avoided by observing for both direc¬ 
tions of the magnetic axis of the rotor 
If there is axial induced magnetization, however, any error arising 
from it and the speed differences cannot be eliminated m this way 
As already stated, the application of considerable axial intensities in 
the wprk described here was without effect 

It is, of eonrse, possible that a pqrt of the deflections described in the 
last article had their origin in centrifugal expansion 
Possible errors duo to strains arising from lack of aval s\mmetry 
arc eliminated precisely like those due to centrifugal expansion 


51 Errors from axial displacement of the rotor. \ certain 
amount of axial displacement is always passible wlun a rotor is se't 
into motion, and if the displacement depends on the direction of 
rotation a systematic error ma\ thus be introduced This may happen 
in three wa>s* (I) eddy currents due to the residual held will affect 
the magnetometer differently for the two directions of rotation from 
the way they would if the rotor were axially fixed, (2) the effect qf 
the permanent magnetization of the rotor on the magnetometer will 
depend on the direction of rotation, and (3) if the axial field does jiot 
vanish or is not uniform or symmetrical about the equatorial plarje 
through the magnetometer, the temporary magnetization of the 
and its effect on the magnetometer, will depend on the dlW-tioit of 
rotation. 

In the final arrangement of our apparatus the maximum passible 
axial pl&> of the rotor was 0 05 mm., but the actual displacement 
wluch occurred when the direction of rotation was reversed was only 
0 01 mm, and was identical for all the gear ratios 2 — 7, 1 <-2, 1 — 
and 2-"l During the steady rotations there was a minute axial 
vibration present, hut the mean position of one en4 of a small journal, 
which protruded through the east agate bearing and was clamped in tne 
chuck which drove the rotor, and on which the measurements were 


made, was 0 01 mm farther east when the rotation was nght-hand^d 
than when it was left-handed. , , , 

On account of the smallness of the displacement, effect (1) is Wot 
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appreciable as shown by the measurements on the effect of axially 
displacing the magnetometer. Effect (2) will be much more pro¬ 
nounced m axial positions of the magnetometer than in equatorial 
positions, but can be eliminated by reversing the rotor Effect (3) 
can be made inappreciable only by making the axial field gradient so 
small that the change in the rotor's moment due to the axial displace¬ 
ment does not affect the magnetometer appreciably 

In a senes of expenments made before those referred to as final, 
effects (2) and (3) were looked for together by moving the Fe—Co 
rotor alternately through its maximum range east and west when the 
magnetometer was in an axial position, on a regular time schedule, as 
m the rotation experiments, ^but no fijpprectrible effect was produced 

We tpay calculate the axial gradient necessary to produce an ap¬ 
preciable effect as follows Let us assume that we have a rotor whose 
reversal of rotation at the speed 60 r p s, which is approximately 
equivalent to an axial field intensity of 60 X 3 7 X 10~ T gauss *■ 
2.2 X 10~* gauss, produces a deflection of 4 cm. on the magnetometer 
scale Suppose the reversal of rotation produces an axial motion 
p cm , that the intensity gradient in the axial direction is dF/dy gauss/ 
cm , and that the resulting deflection is rf cm Then we evidently have 
d/4 — y dF/dy /(2 2 X 10~ 6 ) cm ** (approx) 0 5 X 10* y dF/dy 
Substituting y * 0001 cm and d «* 001 cm, the minimum scale 
distance readable, we obtain dF/dy « 2X 10" 4 gauss/cm *» (approx) 
0 001 H /cm , which is far greater than the possible axial gradient of 
the residual magnetic field in the rotor's vicinity. 

52. The error from change la the rotor's asimuth or altitude. 
If the (small) angle between the normal to the axis of the rotor and the 
component A F of the residual magnetic intensity lying m the meridian 
(practically normal to the rotor) changes by an amount Aa when the 
directum of rotation is reversed, the effect will be equivalent to re¬ 
versing m the rotor an axial intensity / « $ X Aa X AF If we 
assume that the difference between the diameters of the journals and 
hearings » as great as 0 05 mm , the maximum possible value of Aa 
will be about 1/3500 radian Hence, if we assume AF as great as 
17/500, the maximum possible value of / will be about 0 05 X 10~ 7 
gauss, an intensity equivalent to rotation at a speed of about l/70 
r p.s, and therefore negligible 

The actual clearance between the journals and the bearings in the 
last senes of experiments varied from about 0.035 mm to about 
0.05 mm., the latter value being reached in only a few cases. In the 
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earlier experiments, with half-inch and eighth-inch journals, the clear¬ 
ance was about the same 

53. Error from the Thomson repulsion effect. Inasmuch as 
the magnetisation of the rotor is never entirely symmetrical about its 
axis, die rotation produces an alternating magnetic field which in¬ 
duces currents of its own frequency in the magnetometer case and the 
suspension itself, and thus, on account of lack of perfect symmetry, 
may produce an appreciable torque on the suspension, different for 
different azimuths, and thus different for the two directions of rotation 

If this effect were appreciable, the values of X in Table XIII would 
show a systematic dependence on the u oscillation ” of column 31, 
which does not appear to be the case. We have, moreover, made 
special tests with negative results on the magnetometer with three- 
magnet systems These tests were made with impressed alternating 
fields varying in frequency from 22 to 60 cycles per second, directed 
parallel, perpendicular, and at an angle of 45° to the magnetic axes, 
and much greater in intensity than the alternating paits of the field 
produced by any one of our rotors With the intensities used, we 
obtained no certain permanent deflection except in the case of the most 
intense fields applied at 45° to the axes with the frequency 49 cycles 
per second From the deflections obtained at different angles with 
both direct and alternating currents, from the ratio of these currents, 
and from the maximum angulai deflection occurring on the reversal of 
a rotor m the principal experiments, it is easily shown that the deflec¬ 
tion which would be produced by the Thomson effect in the principal 
experiments is les, than about 1/300000 of the oscillation produced by 
very slow rotation of the lotoi It is thus m ail cases entirely in¬ 
appreciable 

54 Errors from mechanical disturbances. As the work 
progressed great improvements were made m the elimination of 
mechanical defects from the apparatus, especially within the year 1923, 
when we were fortunate enough to have the services of Mr G H Jung 
on many occasions We suspected that systematic errors might be 
introduced by (1) the failure of the motor to start with equal accelera¬ 
tions for right and left speeds, by (2) vibration and torsional shock of 
the rotor, and by (3) vibration of the magnetometer Vibration of 
all sorts was made very small by such balancing of the rotors as was 
practicable and by such straightening and balancing of all but the 
most remote driving parts as were practicable, by bolting securely the 
rotor bedplate, the countershaft bearings, the motor, and the gear 
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box to heavy concrete piers, by keeping the motor and gearbox 
remote from the rotor and magnetometer, and by surrounding the 
magnetometer supports with heavy concrete By the use of thm 
countershafts near the rotor, ami rubber hose connectors between the 
larger countershafts, torsional shock of the rotor was made very small, 
and there was no reason to fear r differential starting effect 

Even before the later precautions were taken the magnetometer 
image with well-demagnetized rotors showed no effect of 'die rotation 
(aside from displacements), except on one occasion, when it was dis- 
cov eml that the motor had become loose at one corner (In some of 
the latest work with copper a new and poorly constructed magnet¬ 
ometer system had Us image broadened by the rotation ) 

The magnetic effect, if appreciable, of arty mechanical disturbance 
should become manifest as a \aj-iation of rotor sensibility with speed 
in a compensated field We have made experiments for the explicit 
purpose of testing this possibility with two rotors only Electrolytic 
iron, of which one of them was made, is a substance whose residual 
magnetization is very easily affected by mechanical disturbances 
Moreo\er, %\m particular rotor, Electrolytic Iron 1, was made of a 
casting which had not been forged, and was quite badly unbalanced 
In the experiments, which were made lief ore the later improvements 
m the driving mechanism, it ran on a half-inch bronze journal anrl an 
eighth-inch stellite journal For this rotor the rotor sensibility for 
the highest speed, gear ratio 2 — 1, was nearly 1 3% greater than for 
v cry low speed 

The othei rotor, Cobalt-Nickel, had three-sixteenths inch journals of 
the earlier type, winch wexe not so ngidly connected to the magnetic 
part of the rotor as were those of the later type Tins rotor was also 
made of an unforged casting, but had been statically balanced In a 
senes of experiments at five different speeds, ranging from a few 
re\ olutions per second to about 60 r p s (gear ratio 2 — 1) the rotor 
sensibility, as well as the absolute sensibility, which was determined 
with it, remained constant within the limits of the experimental error, 
about 1 part m 700 

55 Srrors due to Inequality of right-banded and left- 
handed speeds. As shown above, a number of systematic errors 
can be eliminated if the rotor can be driven at exactly equal speeds 
and with equal friction in opposite directions, conditions never exactly 
realized It was therefore important to find out, for typical rotors, 
especially rotors for which the errors referred to are likely to be 
largest (those for which reversal of the magnetic axis produces the 
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greatest effects), how far a value of X calculated from the mean speed 
for the two directions of rotation deviates from the true value when the 
speeds are not equal 

For this purpose resistance coils were inserted in the motor secondary 
for right-hunded rotations, and cut out for left-handed rotations, 
making the nght considerably slower than the left, and the \alue of X 
calculated from the mean speed Then the process was repeated, but 
with the resistances inserted for left-handed rotations 

I^et Tr and Tl denote the times of 500 right-and left-handed revolu¬ 
tions of the motor, A 7^ the value of Tr~ Tl for the first set of observa¬ 
tions just described, A 72“ Tl— Tr for the second set, and A 7' * A7i 
+ Ar 2l and let AX denote the difference between the calculated values 
of X obtained from the two sets Then AX is the error m X produced 
by the difference of nght-handed anti left-handed speeds com spondmg 
to the period difference A T, a quantity winch was measured m nearly 
all of the recent experimental work 

Table VIII gives the results of all the observations whub \iere made 
for the explicit purpose of studying the xanations of X and A T The 
emir AX, corresponduig to the actual \ allies of AT in the principal 
experiments, is in almost all cases entirely negligible In the others, 
the proper corrections were applied 


TABLE VIII 

Errors Due to Inequality of Rigiiwuanded and Left-handed Spfkds 
(Gear ratio 2-1) 


Kotor 

No eeta 

AT* 

iff xAxt 

Iff x AX/AT 

Armco iron 

4 



+003 

Nickel HI 

2 

mm 

-2 22 

msm 


2 

mSSSm 

-187 

ajSLH 


2 

+130 


■Sal 



Mean for Nickel III 

-0 78 

NickaW > 

4 

■I 

-008 

-002 

Preun’a *Uoy 

2 

mam 

-014 

-005 


•AT ie oooatdered paeitiv* when rt*ht-htt»ded rotation* are •lower , ^ 

tAX la ootwldorod poaltivs If for AT positive X b greater whoa the positive pole of the 
U tut (and the negative pole wort) 




















TABLE DC. 

Esracr on X or Ebboss nv CoMPDraimo Onux 
(Gear nbo 2—1, except when otherwise stated) 
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56. bron in X produced by errors in the compensating 
currents. Table IX gives a summary of the observations made on 
the magnetic rotors in the course of the last two groups of experiments 
to determine the errors m X due to errors in setting the compensation 
currents AX/AF is the error in X produced by increasing the current 
of the main compensating frame one division above the proper value, 
40AX/AJ? is the error produced by an excess of 40 divisions in the B 
current above the proper value, and 100AX/A C is the effect on X of a 
current of 100 divisions in the positive direction through the C coils 
The absolute sensibilities are about the same as m the observations on 
copper for corresponding times (§ 35) , but are not given here as they are 
implicit in X 

Table X gives a summary of the errors made in setting the 
current V of the main compensating frame for the lost senes of experi¬ 
ments, also the values of the C current to compensate the nomimform 
part of the horizontal intensity, calculated from the data of Table IV 
§ 35, together with the actual settings of the C cunent for the rota¬ 
tion experiments A companson of Table X and Table IX will 
show that only minute, in nearly all cases negligible, errors m X have 
been made by errors in setting the currents 

The actual errors in setting the F current are of course not quite so 
small as the table might indicate, since the current was set only to 
alnut 0 05 division. 

57 The observations for the interval September 24, 1922- 
August 7,1923 (Series A). Table XI contains the results of nearly all 
the rotation observations made on the magnetic rotors between Sep¬ 
tember 24,1022 and August 7,1923 At the beginning of this interval 
the apparatus was m much better condition than during the earlier 
work The magnetometer was usually so well adjusted, and the in¬ 
ductors were so fiequently used, that much greater errors than those 
actually made m setting the V and B currents could not affect the 
determination of X, the rotors were, for the most part, better demag¬ 
netized and provided with new half-inch bronze and eighth-mch stellite 
journals very carefully worked by Mr W Steiner, and statically 
balanced, and improvements m the driving mechanism had been 
started by Mr G H Jung The three-phase shp-nng motor had been 
installed 

During the interval many improvements were made The extra 
compensating coils were given almost their final disposition, the 
springs to keep the wires of the mam compensating frame always taut 



202 


4 BARNETT AND BARNETT 


TABLE X 

Errors in Setting the Current V or thf Main Compensating Frame 
and the Current C or the C Coiia 


4 Magnetometer tn position EQV Otar ratio 8~1 


Date 

Rotor 

Error in 
current V 

No 

day* 

Current C j 

Calc 

Ret 





-50 (Aug 24) 


Aug HI ^pt 1 

Permalloy 

-002*0 00 

2 


—50 div. 

Sept 10-12 

Steel III 

000 002 

1 


a 

Sept 30-Oct 4 

Steel IV 

-0 01 001 

5 


« 

Oa p >-8 

Co-Ni 

+0 04 0 03 

3 


a 

Oct 14-17 

Armco Fc 

-0 01 0.02 

4 


u 





-27 (Oct 19) 

if 

Oct 20-20 

Yenaen Fe 

-005 003 

6 


-27 

Nov 2-5 

Nickel III 

-003 0 06 

4 


u 

Nov 7-10 

Nickel I 

-0 02 002 

4 


« 





-18 (Nov 11) 

a 

Nov 10-18 

Hopk alloy 

-003 003 

3 


-18 

Nov 19 27 

Cobalt II 

-005 002 

6 


a 

Dec 8 

Yenaen Fe 

-0 06 

1 


u 

Dec 9-12 

Heusler’a alloy 1 

-00b 004 

4 


u 

Dec U-15 

Permalloy 

-0 04 002 

3 


u 

Dec 10-18 

Preuas’s alloy 

+0 02 0.02 

3 


u 





-7 (Dec 20) 

u 

Dec 22-24 

Steel JV 

+009 004 

3 


tt 

Dec 25-27 

Steel! 

-004 001 

3 


u 





-12 (Dec 28) 


Dee 29-30 

Norway Fe 

+003 0 05 

2 


u 

Dec 31-Jut 1 

Steel 111 

+010 003 

2 


u 

Mean error in current V 

-0 01 




B 

Magnetometer in position AF Gear ratio 2~1 






-50 (Aug 24) 


Sept 2-0 

Permalloy 

-007 001 

4 


-50 

Sept. 13-14 

Steel III 

-006 000 

2 


-50 

Mean error m current V —0 06 | 
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were installed, the new, heavier, and less magnetic bedplate was 
instituted for the old, the driving mechanism was realigned, balanced, 
and in general greatly improved, the magnetometer and compensator 
supports were rearranged so as to make the vertical equatorial posi¬ 
tions possible, and finally unbedded in heavy concrete, and the extra 
compensating loops which could be thrown in and out at will, were 
provided to modify the degree of uniformity of the total field produced 
by the mam compensating frame Most of the observations were 
made with magnetometers with six-magnet systems, and with high 
sensibility Some were made with greatly reduced sensibility, and 
some with the three-magnet s>stem substituted for the six-magnet 
system Most of the observations were made with lumen or babbit 
bearings at the east end of the rotor, lignum vitae and mahogany 
were substituted in a few cases 

In the table the first column gn cs sequence of the obsrn utions, the 
second the magnetometer position, the third the iffict on the calcu¬ 
lated value of X of reveising the rotor from mark west to mark east, 
the fourth the number ot sets m the groups, the fifth the gear ratio or 
speed, the sixth the mean value of X, the seventh the aveiage departure 
of the indrvulual values in the sets, the eighth the av erage departure of 
the set means from the group mean The symbol 2—7/vr means that 
the gear ratio was 2—7 and that a rheostat was placed in the circuit 
reducing the speed to a few revolutions a second, about one-third of the 
usual speed corresponding to the ratio 2-7 Most of the experiments 
were made with the magnetometer in lower equatorial positions, some 
with the height increased 4 7 cm We are not satisfied that any of 
these changes produced any systematic effect, and have therefore, in 
most eases, presented only means and their average discrepancies 
Attention has been called b $ notes to the changes in bearings 

The most reliable results are those obtained at high speed and under 
such other conditions that reversal of the rotor produced only a slight 
effect Those obtained with equatorial positions of the magnetometer 
are given in Table XII 

In Table XI resultB arc given also for two axial positions of the 
magnetometer In the position AN the lower system was about 
12 cm from the end of the magnetic part of the rotor, in the position 
AF, about 17 cm The most reliable observations for AN agree very 
nearly with those for the equatorial positions, while those for AF give 
much smaller values A number of other sets of observations were 
taken without the reversal of the rotors and are not included in the 
table, except in one or two cases where the effect of reversal was 
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TABLE XI 

Chief Observations on Magnetic Rotors from September 24,1922 to 
August 7,1923 
(Sariw A) 

Steel HI — September 24, 1922 to July 14, 1923 



(B of S ) Electrolytic Iron I — October 22, 1922 



llcuslcr's Alloy 11 — October £7-28, 1922 


1 

LEQ* 

+0 09 

9 

2- 

2 

LEQ* 

+0 15 

7 

1- 



* Babbit bearings K and W 


Western Electric Permalloy — December 26, 1922 to August 7, 1923 


+ 009 
1+ 010 
+ 004 
+ 020 
+0 28 
+025 
-123 



34 

2-1 

3 73 

*005 

21 

1-1 

366 

009 

4 

1-2 

3 98 

014 

4 

2-7 

464 

029 

14 

2-1 

3 72 

006 

8 

2-1 

333 

014 

3 

2-7 

423 

064 




ss 
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Prtuut$ Alky—January 16, 1993 to April 9,1998 



approximately known. These omitted observations agree well with 
the others. 

For most of the rotors the values of X for the gear ratio 1—1 do not 
d^er greatly from those far 2—1 But in general for the lower speeds 
X increases or decreases considerably, or even very greatly, as the speed 
goes down. For these speeds the accidental errors are relatively quite 
large, but the systematic eff ects are nevertheless undoubtedly authentic 
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With the precautions taken ami the tests made with reference to 
eddy-current effects we could not see how these discrepancies could be 
attributed to them Also, some of the rotors were so well demagne¬ 
tized and had journals at the two ends so nearly identical, and the 
right and left speeds were so nearly equal, that it seemed difficult to 
attribute the discrepancies to journal or bearing effects We neverthe¬ 
less became com meed that such effects were chiefly responsible, and 
therefore proceeded to modify the rotors and bearings m such a way as 
to cut down the heat developed at the bearings, at least the east 
bearing, and to insulate the journals from both the magnetic part of 
the rotor and from the bearing blocks The de\ ices used have already 
been described 


TABLE XII 

X FBOM THE BF8T EQUATORIAL OBSERVATIONS OF TABLE XI 
A Gear ratio 8-1 


Rotor 

Group 

10* XAX(E-W) 

-XX 10* 

AX"X 10* 

No seta | 

Steel III 

■ - 

1 

+0 04 

3 82 

*006 


Heuslcr*s alto> 11 

1 

+0 09 

3 02 

Oil 


Permalloy 

1 

+0 09 

3 73 

0 06 


Preuas’s alloy 

1 

+0 04 

303 

008 

1 

Cobalt 11 

1 

—0 05 

3 79 

008 


Armco iron 

I 

+0 H 

390 

0 02 

1 

Steel 11 

1 and 3 

—0 02 

3 78 

004d: 

Bfl 

Weighted mean X X 10 7 for 150 seta — — 

3 78*0 06 


Total 160 

B Gear ratio I— 1 

Rotor 

Group 

10*XAX(B-W) 

-XX 10* 

AX"X 10* 

No sets 

Steel III 


■W . 

402 

*013 

31 

Hcusler’s alloy II 


Sl| 1 

3 81 

032 

7 

Permalloy 

1 


366 

008 

21 

Preuaa’a alloy 


Bx ' 

3 72 

013 

20 

Cobalt 11 


■ 

368 


17 

Steel II 

Bfl 


3 64 

— 

4 

Weighted mean X X 10 7 for 100 seta 


Total 100 
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58 The last series of observations on X (Senes B). The last 
senes was begun near the end of August, 192.3, and was completed on 
January 1,1924. 

A few observations, on Steel III and Permalloy, were made with the 
magnetometer in the position 4F 9 the remainder with the magnet¬ 
ometer m the position EQV, as in the later obsenations of the senes 
immediately preceding 

For these expenments all the rotors to be used wen 1 provided with 
three-sixteenths mch insulated journals of one of the two ty pes already 
described in § 12 and illustrated in Figure 10, (a) and (b) The earlier 
expenments in the senes were made with journals of type (a), the 
remainder with journals of type (b), which were mechanically much 
superior The earlier expenments with Pennalloy were made with 
bakelite bearings, all the others with agate beanngs Except in the 
case of the rotor of Bloch’s alloy (Co-Ni) all of those rotors which were 
at first provided with journals of type (a) were later pnrvided with, and 
rotated with, journals of type (b) 

The substitution of these small, insulated, and almost perfectly made 
journals, together with the agate bearings, for those used before, the 
correction of the warp m the mam compensating frame, the perfecting 
of the method of adjusting the compensator to correct for imperfections 
m the magnetometer, and the insertion of a cardboard screen between 
rotor and bedplate m part of the work or the surrounding of the rotor 
with a uniform cylmdnt al cardlwwrd tube in much of the remainder of 
the work, constituted the chief sources of improvement oxer the condi¬ 
tions in which the immediately preceding senes of observations was 
finished 

Unfortunately, the mirror of the excellent six-magnet magnetometer 
system with which the series was begun was not securely fastened, and 
became displaced while the magnetometer was being moved from one 
position to the other In attempting to remount the mirror m better 
fashion the system was injured, and many attempts to put it m first- 
class condition again were failures It was used again for observations 
on copper near Idle end of the senes, but after the first month’s work 
the three-magnet system already mentioned, and constructed only for 
special tests, was used exclusively with the magnetic rotors Inas¬ 
much oh we were continually expecting to lie able to use the six-magnet 
system again, this state of things led to the magnetometer's azimuth 
being usually not so well adjusted as in most of the preceding senes, 
but, as the observations on V and AX/&V, Tables IX and X, show, 
this introduced no error of any consequence The three-magnet 
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system was considerably slower than the six-magnet systems, but not 
too slow to avoid appreciable error, except possibly with those rotors 
(Heusler’s alloy and Preuss’s alloy) which exhibit considerable mag* 
net&c lag. We estimate that an error of one-fourth per cent is pos¬ 
sible with these rotors 

During most of the immediately preceding series of observations 
induction measurements for setting the V and B currents were made 
almost every night, so that, even had the variometers been very 
unreliable, eddy-current errors from incorrect settings of these cur¬ 
rents could have exceeded only very small quantities In the last 
senes, however, the seventy of the work necessitated limiting greatly 
the number of induction measurements Ibis procedure was adopted 
with less reluctance because the earlier work had shown that, with 
good magnetometer adjustment, very considerable errors in the cur¬ 
rent settings could be made without affecting the values of X appre¬ 
ciably The observations in Tables IX and X show that only negli¬ 
gible errors in X could have arisen from errors m setting the V and C 
currents, at least m nearly all cases Had the C current been made 
zero, as the work with the induction balance seems to indicate was 
correct, the values of X would have been changed (increased) by only 
minute amounts 

Throughout the last senes the V and B current settings were made 
from the limited number of induction observations and the variometer 
readings The change in the V current was so slight and so slow that 
it introduced no difficulty Our observations have been confirmed by 
the vertical intensity observations of the Cheltenham Observatory, 
which show that this intensity decreased very slowly, by only a few 
parts in 5000, from the iieginnmg to the end of our work On one 
night when the work was in progress it was low by about 1 part m 1000 

Unfortunately, changes, slight as they were, in the compensating 
frame had greater effects on the proper value of the current fl. As the 
exact effects of these changes were unknown, it was impossible, from 
the relatively few induction determinations and the variometer 
readings taken twice every night, to predetermine with exactness the 
proper value of B No direct observations for AX/A0 were made. 
However, from the Cheltenham horizontal intensity observations, 
which we have used generally in preference to our own less complete 
observations (although these appear to be reliable), and interpolation 
and extrapolation (after December 14) from our induction determina¬ 
tions, on the assumption of linear changes m the frame with time, it 
was possible to calculate for each night, or each hour of each night, rite 
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correct value of the current B, The amount AB by which our current 
B exceeded the correct value, obtained in the way indicated, is given 
for each group of observations in column 33 of Table XIII Combined 
with the results of Table V, § 36, these values of AB show, as indicated 
in § 36, that bo appreciable errors originated from the departure of 
AB from sero. 

59 Ixample of a nlght’l work. As an example of one night's 
work, neither as good as the best nor as bad as the worst, we shall give 
the results obtained on December 13, 1923, those for the first port of 
the night m detail, those for the latter part by means The rotor was 
Permalloy, running in agate bearings and inclosed in the protecting 
cylinder of pasteboard, one side, X , being up during the first port of 
the work, and down the rest The magnetometer was in the position 
EQV The times are only approximately correct, and refer to the 
beginnings of the different groups 
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2 h 24“ km — Variometer Readings and Current Settings 



Horisoatal 

Vertical 

Declination 

Temp 

19° 0C 

18° 8 C 

— 

Scale 

+2 06 era 

+0 46 cm 

66 95 div 

Comp current-h0 79 amp (R) 

1 384+amp (V) 

1 49 amp <^4) 

The C current was set at —0 18 amp 


2 h 33“ am — Absolute Sensibility Scale Readings 


Switch fl 


Saitoh L 

A -| R-L| 

-1 48 cm 


+16 81 cm 

18 26 cm 

m 



17 



16 91 

15 

1 16 



12 



17 00 

18 

120 



16 



16 91 

01 

0 99 


17 19 

02 


Mean .4-18 13 cm *0 06 cm 


Rotations Mark E X up 
2 h 60“ am — Scale Readings 

Set 1 Gear ratio 2—1 l —138 4+ 

» L fl-L-d Ad T n T l 

(Time of 500 rev ) 


+ 10 60 cm 

+6 30 cm 

4 35 cm 

—0 01 cm 

16*90 

16*90 

10 70 


4 35 

- 01 

63 



640 

4 35 

- 01 


80 

10 80 


4 $5 

- 01 

52 



6 50 

4 41 

+ 05 


67 

1102 


4 47 

+ 11 

52 



660 

446 

+ 10 


58 

1110 


4 32 

- 04 

,48 



6 97 

4 23 

- 13 


52 

1130 

7 10 

4 26 

- 10 

50 

•54 


4 36 

*006 


Means 








Mean Tn 

-16.59 

Tl -16.67 




Mean 7 

-1663 





Tr-Tl- 

- 008 
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gh gm A y — SCALE READINGS 


Set 2 

Gear ratio 2—7 

r-138 4+ 


R 

L 

n-L-tf 

A4 

t b 

r L 

+10 29 cm 




10*08 



+9 47 cm 

0.675 cm 

+006 cm 

16*02 

1020 


0565 

-005 

04 



980 

0 51 

-010 


02 

10 42 


0565 

-0 05 

03 



9 91 

065 

+0 04 


02 

10 70- 


0 74 

+0 13 

05 



10 01 

0 79 

+0 18 


04 

10 90 


0 76 

+0 15 

02 



10.27 




02 

— 


0 65 

+0 04 

04 



10 30 




02 

10 97 


0 51 

-0 10 

00 



10 62 

0 42 

-019 


07 

1111 


0 59 

-002 

02 



10 41+ 

0 74 

+0 13 


07 

11 20- 


0 665 

+005 

05 



10 66 

0645 

+0 03 


04 

11 41 


0 62 

+001 

05 



1092+ 

0 54 

-007 


03 

1152 


056 

-0 05 

— 



1100 

0 56 

—005 


— 

1160 

11 on 

050 

-011 

— 



II ZU 






Means 0 613 

*0.08 

Mean. 1004 

16 06 

-1383 




Mean T 1000 






Tr-Ti -002 



Mark E X down 


Tima Set 

Gear ratio 

d 

bd 

T 


V 

a h 42 m AM 3 

2-1 

446 

*0 07 

10.52 

-012 

1389 

58 4 

2-1 

4 41 

008 

16 46 

-0 06 

1379 

416 5 

2-7 

0 623 

010 

16 00 

+007 

1384 


4 h 37 ®a m—Absolute Sensibility 
Am 18 24 

Emf of battery-1.546 volt 
Ammeter — potentiometer — + 0 0015 amp 
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4 h 52“a u — Variometer and Cr brent Readings 

Hot Ison tal Vertical DnUitttioa 

Temp lft°5C 19° \C - 

Scale •+•! 01 cm 4"0 44 cm 56 2+ 

Comp current 0 785 amp ( S ) 1 384 amp (F) 1 43 amp (-4) 

The C coil current read—0 18 amp 

From the above variometer scale and temperature readings, to¬ 
gether with the variometer constants given in § 12, we find that the 
horizontal and vertical intensities at the end of the night differed from 
the intensities at the beginning by only about 1 part in 11,000 and 1 
part in 34,000, respectively The declination changed by only 1 
minute 

The value of Q - B/A, determined on the preceding day, was 
Q « 2 936, the value of K was 0 0% 

From what precedes, and the formula (8) of §25, we obtain the 
following values of X 


Set 

Gear ratio - X X 10» 

AXX 10» 

1 

2-1 3 75 

*005 

2 

2-7 3 56 

046 

3 

(2—1 over and under 3 79 ) * 

\ 2 -1 compensated 3 73 J 

006 

4 

007 

5 

2-7 356 

058 


which are to be combined with the observations of the next day, with 
the rotor reversed, to obtain values of X more nearly free from error 
The final results are given in Table XIII 

60 The results of the last series (Series B). This table (Table 
XIII) gives a summary of the results for the whole series The values 
of X are given in columns 6, 12, 18, and 24 Columns 4, 10, 16, 22 
give the number of seta in each group of olwervations Columns 7, 
13, 19, and 25 give the average departure from the mean in the separ¬ 
ate sets of which the groups are composed, while columns 8, 14, 20, 
and 26 give the average departure, from the mean for each group, of 
the means for the individual sets of which it is composed. Columns 
3,9,15, 21 give A T t which is the excess of T for right-handed rotations 
over T for left-handed rotations when the marked end of the rotor is 
east mmu* the similar quantity when the marked end is west Col¬ 
umns 5,11, 17, 23 give the amounts by which the experimental value 
of X with mark east exceeds that with mark west* It is twice the error 
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which would be made if the rotor were not reversed Column 27 
’gives the approximate value of the deflection d produced on reversing 
the rotor with the gear ratio 2 — 1 (speed approximately 60 r p a), 
column 28, the approximate value of the absolute sensibility A; 
column 29, the exact value of the ratio Q of rotor sensibility to absolute 
sensibility, column 30, the approximate values of the mean intensity 
of magnetization of the rotor megs units, column 31, the approxi¬ 
mate range of motion of the spot of light on the magnetometer scale 
when the rotor is turned through a complete revolution with extreme 
slowness, column 32, the approximate amount by which the magnet¬ 
ometer zero is changed when the speed changes from a few revolutions 
per second to the highest speed (except that for Nickel III, these 
quantities, obtained from rough observations, may all be spurious, as 
many of them doubtless are) Column 33 gives the error AJ3 in the B 
current, as has already been explained 

The value of X in each group m which the rotor was reversed was 
obtained by giving equal weights to the observations for mark east 
and mark west, usual!} equal or nearly equal m number The means 
were obtained by giving each group a weight proportional to the num¬ 
ber of sets it contains 

It is clear from the table that the discrepancy between the v allies of 
X for the positions AF and KQV no longer exists, also, that in the 
mean no variation of X with speed is apparent This latter fact alone 
is strong evidence that the chief systematic errors are eliminated, as 
most of them produce deflections winch are nearly independent of the 
speed, or proportional to the square of the speed, while the deflection 
produced by the effect under investigation is proportional to the speed 

The most reliable results arc those obtained with the gear ratio 2—1 
and are collected m Table XIV The last column gives the numerical 
departures A'"X of the values of X for the individual rotors from the 
mean for all the rotors, and the mean value of these departures 
A'X and A"X have the same meanings as m Table XIII All quantities 
are given weights proportional to the number of sets of observations 
involved Although A"'X is nearly twice as great as A"X, an examina¬ 
tion of the values of X obtained with different rotors of the same or 
nearly the same material, and in different groups of observations 
(Table XIV) on the same rotors, reveals discrepancies making uncer¬ 
tain any conclusion that real differences in X for the different rotors 
and materials exist 

If the values of X for all the rotors in Table XIV are given equal 
weights, we obtain the mean 3 75 in place of 3 76 
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TABLE XIV 

X FROM OBBERVA1IONS AT THE HIGHEST SPEED 


Rotor 

No sets 

-*X10 T 

A'*X 10’ 

A"AX HP 

A'"* X 10 7 

Vensen iron 

m 

3 91 

*0 07 

*004 

015 

Annco iron 

mm 

3 67 

006 

004 

009 

Norway iron 

■n 

3 09 

012 

004 

007 

Steel HI 

17 

a 7« 

0 07 

003 

000 

Steel IV 

21 

3 81 

006 

005 

005 

Steel 1 

9 

3 75 

010 

007 

001 

Mean for iron and iteel 






(6 rotors) 

(81) 

3 70 

0 07 

004 

006 

Nickel III 

10 

3 04 



012 

Nickel I 

9 

3 75 



001 

Mi an for nickel 






(2 rotors) 

do) 

3 69 

0 08 


0 05+ 

Cobalt II 

13 

3 84 

010 

005 

0 08 

Heusler’s ftUoj I 

10 

3 62 

0 20 

0 06 

0 14 

Permalloy 

10 

3 78 

0 09 


msm\ 

Hopkmson's alloy 

10 

3 03 

0 18 


013 

Prcuss’s alloy (Fe— Co) 

0 

3 8*1 

0 09 

002 

007 

Bloch's alloy (Co—Ni) 

4 

383 


0 04 

0 07 

Mean for 159 sets 

- 

3 70 

*0 09 

*0 05 

*0 07 

Mean X/2ir 

- 

1 06 X m/e * 2 4% 

* 12% 

* 18 % 


Almost exactly thi same mtan was obtained from the experiments 
of the unra«iiatcl> preceding series (Table XII), but the work done in 
the final series has increased the degree of certainty of the results very 
greatly 

It is a source of great satisfaction to us that our early work by the 
method of electromagnetic induction, including the earliest work, of 
1914, agrees bo closely with all of our recent determinations The 
freedom of this early work from systematic errors is due largely to the 
great symmetry of the experimental arrangement for detecting the 
changes of magnetization produced by the rotation 
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61 Reoent experiments on rotation by magnetization. We 

have already referred to the effect converse to ours and discovered 
in the following ) ear by Einstein and de Haas, viz , rotation by mag* 
netization A considerable amount of work, some of which has 
already been mentioned, has now been done on this effect The most 
thorough investigations are those of Emil Beck, 83 who used a method of 
resonance greatly improved over the original method used by Einstein 
and de Haas, Chattock and Bates, 34 who used a ballistic method im¬ 
proved over that of J Q Stewart, and Sucksmith and Bates, 85 who 
used a null resonance method 

On the simplest classical theory and the assumption of a single 
simple magneton, these experiments determine the ratio R of its 
angular momentum to its magnetic moment On the same theory, 
as already stated, this \ alue of R should agree with our value of \/2ir, 
and both should be equal to 2 m/e for a Bohr magneton 

All the most reliable of these experiments, as a matter of fact, give 
values for R not far from hulf this quantity viz , n?/<?, like our own 
value of X/2x 

The mean value found bj Beck for iron and nickel is 1 10 X w/r, 
that found by Chattock and Bates, for the same metals, is 1 00 X m/e t 
which thej consider correct within less than 1% The discrepancies 
between the individual observations from which their final means are 
derived, however, are so large that we do not feel confident their error 
is so small For iron, nickel, and Heusler’s alloy, Sucksmith and Bates 
have found 1 00 X vt/e , with an apparent error of alxiut 1% 

The mean value of \/2ir obtained from our rotation experiments, 
as given in Table XIV, is 1 0bX rn/t We do not see how the error 
can be greater than 2% 
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Thk value for the atomic weight of germanium, which we have 
recently found bv analysis of germanium tetrachloride, 72 GO 1 2 , is 0 1 
unit higher than the one in current use, and nearly 0 2 unit higher 
than the value recently found by M filler 3 * * The simplest way to secure 
further light on the subject seemed to us to prepare and analyze the 
tetrabromidi, for while similar constant errors might result from 
inadequate purification and in the analysis of such smulai compounds 
as the chloride and the bromide, yet it seemed unlikely that these 
errors would tie of equal magnitude in both cases We belie\ e that the 
concordance of the result of the present investigation with that of 
the previous one furnishes very strong if not irrefutable evidence that 
the atomic weight of germanium has the value 72 GO 
In its general outlines the experimental procedure of this research 
followed very closely the methods perfected m this lalioratory for the 
preparation and analysis of other volatile mineral halides 8 


1 Baxter and Cooper, These Proceedings, 08,235,1024, Jour Phya Chera , 
08 1040 1024 

2 Mlfiier, Jour Aroer Chem Boa, 48, 1085, 1021 

> Baxter, Weathenll and Scripture, These Proceedings, 88, 245, 1023. 

Baxter and FerUg, Jour Amer Chem. Boo, 40, 1228, 1023, Baxter and 

Scott, These Proceedings, 09, 21, 1023, Baxter, and Cooper, Reference 1 
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Purification of Materials 
Reagent* 

Water Ordinary distilled water was twice redistilled* once from 
alkaline permanganate> and once from very dilute sulphuric acid 
The condensers were block tin tubes, fitted to pyrex flasks with con¬ 
stricted necks which served as stills The connection was made by a 
water seal, no cork or rubber being used The water was collected m 
pyrex flasks, generally just previous to use 

Nitric Acid Concentrated C P nitric acid was distilled through a 
quarts condenser, the first two-thirds, as well as the last tenth being 
rejected If necessary, the fractional distillation was continued until 
the product was free from cblonde 

Silver This substance was prepared by standard methods These 
consisted in brief of the following processes double precipitation as 
chloride, followed by reduction with alkaline sugar solution, fusion of 
the metal on charcoal, solution m nitric acid and repeated crystallisa¬ 
tion of silver nitrate, precipitation with ammonium formate, fusion on 
pure lime, electrolytic transport, fusion on pure hme in hydrogen, 
etching, drying in a vacuum at 300° Details of these processes may 
be found m earlier papers from the Harvard Chemical Laboratories 4 
Recent work by Baxter and Parsons 4 and Baxter 9 as well as earlier 
investigations have shown that these processes yield a product of 
adeq uatc purity 

Two different specimens were used The first had been prepared 
by Mr M J Dorcas and was employed m Analyses 1 to 11 The 
second was punfied especially for this investigation and served m 
An alyscs 12 to 16 

Sodium Hydroxide Pure material was prepared by metathesis 
from solutions of barium hydroxide and sodium carbonate, both of 
whuh had been reciystalhzod until practically free from chloride 
The solution was freed from precipitate by centrifugal settling, and 
after evaporation in platinum dishes was allowed to crystallise. 
Since the product was found to contain a trace of chloride it was 
recrystalhzed several times in platinum dishes until the chloride hod 
been completely removed 

Nitrogen — This gas was prepared free from hydrogen by a modifi¬ 
cation of the Wanklyn process Air was charged with ammonia and 

« See especially Richards and Walla, Pub Car lust* No 2&P 16,1606 

• Baxter and ranons, Jour ^Amer, Ghem. Soc , 44, 577, 1622 

• Baxter, ibid, 44, £61,1622. 
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passed over hot copper ratal} st The excess of ammonia was re¬ 
moved by wash bottles containing dilute sulphuric acid Hydrogen 
resulting from catalytic decomposition of the ammonia was next 
burned with hot copper oxide, and the gas was then purified and dried 
b} dilute silver nitrate solution, sodium hydroxide, concentrated sul¬ 
phuric acid and resuhlnned phosphorus pentoxide Final!} last traces 
of oxygen were removed b> hot copper The apparatus, which was 
constructed entirely of glass, is described in detail b} Baxter and 
Gro\er 7 

Bromine The source of bromine was a \ery concentrated solution 
of zinc bromide which had been made from pure zmc and pure bromine 
some years before by Dr J H Hodges in an investigation on the 
atomic Height of zmc 8 This bromine Lad t>een first distilled from 
aqueous potassium bromide in order to remove chlorine Next one- 
fourth of the product was converted to potassium bromide b} means 
of recrystalhzed potassium oxalate, and the remaining three-fourths of 
the bromine was distilled from solution in this potassium bromide 
AH the product was then comerted to potassium bromide b} means of 
potassium oxalate, and the potassium bromide was fused in a platinum 
dish with enough recrystalhzed potassium permanganate to oxidize all 
organic matter In order to obtain bromine the purified potassium 
bromide was dissolved in a solution of pure sulphuric acid The 
excess of potassium permanganate contained by the salt caused a 
small quantity of bromine to be liberated Tins bromine was removed 
by distillation, since it might have contained a trace of iodine Enough 
pure permanganate to liberate the greater portion of the bromine was 
then added, and the bromine was distilled into a receiver cooled with 
ice In this last step the bromine received a third distillation from a 
bromide Pure zmc was treated under water with this bromine to 
prepare the zmc bromide solution 

To recover the bromine, portions of the zinc bromide solution were 
treated with recrystalhzed potassium permanganate and dilute sul¬ 
phuric acid m insufficient amounts to liberate all the halogen, and the 
bromine was separated by distillation This fourth and last dis¬ 
tillation from a bromide was considered necessary only because the 
solution had been standing for a long period After separation from 
the aqueous layer the pure bromine was redistilled and dried for some 
days over resubhmed phosphorus pentoxide In all the above opera¬ 
tions cork and rublier were ngidly excluded from the apparatus 

7 Baxter and Grover, Jour Amer Chem Soo, 97.1037,1015, 

* Baxter and Hodges, Jour Amer Chem Soc , 4ft, 1242, 1021 
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Recovery and Purification of Germanium 

At the loginning of this investigation the greater proportion of the 
germanium material was in the form of gemmnic acid dissolved m a 
nitric acid solution of sodium nitrate and sometimes silver nitrate 
resulting from the earlier analyses of germanium tetrachloride This 
material was arsenic-free so far as we knew A smaller proportion 
consisted of fractions rejected during the distillation of the germanium 
tetrachloride because of their arsenic content Most of these had been 
hvdrolyzed and precipitated with hydrogen sulphide 

The germ an ic aud solutions were evaporated until a large portion 
of the gcrmanic acid had separated The flasks in which the evapora¬ 
tion took plate were then connected with a condenser delivering into a 
receiver containing water chilled with ice By means of a separatory 
funnel sufficient concentrated hydrochloric aud was admitted to the 
flask to dissolve the gemmnic acid on boiling, and the solution was 
distijled until sodium chloride began to separate in the still At this 
point the contents of the still were tested with hydrogen sulphide and 
found to be free from germanium The germanium tetrachloride 
and hydrochloric aud solution contained m the receiver was too 
strongly acid to permit hydrolysis and remained perfectly clear 
From this distillate germanium hydroxide was precipitated by adding 
an excess of ammonia The precipitate was washed by decantation 
until its colloidal tendency became so great as to prevent settling, and 
then was collected on a hltc r paper and dried at 110° 

The amniomacal filtrate and washings were evaporated to small 
bulk urnl distilled with hydrochloric acid as described above If the 
germanium tetrachloride collecting m the receiver hydrolyzed at any 
time, the resulting precipitate of dioxide was set aside and the com¬ 
bined precipitates obtained in this way were washed, collected on a fil¬ 
ter and dried at 110° 

The residues containing arsenic were freed from the latter element 
by distillation from a solution m which the arsenic was in the higher 
state of oxidation, according to the procedure of Dennis and Papish • 
Most of this material was in the form of sulphides These were 
washed, collected and dried, and roasted at about 500° to eliminate 
the greater part of the arsenic The product was treated with an 
excess of sodium hydroxide, and after saturation with chlorine, the 
solution was distilled with an excess of hydrochloric acid The 


• Dennis and Papish, Jour Amer» Chem Soc, 48, 2131,1221 
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germanium dioxide forming jti the receiver was treated as above and 
the material remaining in the solution was precipitated with ammo¬ 
nium hydroxide 

In order to avoid loss of germanium during reduction through the 
presence of chlonde m the various precipitates the dioxide was next 
ignited in a current of air saturated with moisture at room tempera¬ 
ture The material was contained tn alundum boats placed in a quartz 
tube After the tube had cooled, the air was replaced with pure dry 
electrolytic hydrogen and the tube was again heated to incipient red¬ 
ness until reduction was nearly c omplete Then the temperature was 
raised to the melting point of germanium for a short tune At the end 
of tins preliminary reduction the comparatively small globules of metal 
were fused into large globules by filling the alundum boats and heating 
them in a current of hydrogen until the germanium had melted The 
final product weighed 48 grams There seemed to he good reason to 
believe that this germanium was free from impurities, especially ar¬ 
senic, because samples of the dioxide precipitated by ammonia and by 
direct hydrolysis of the distilled chlonde gave no indication of arsenic 
lines when their arc spectra on graphite electrodes were photographed 
with a F£ry quartz spectrograph 


Preparation and Distillation oj Girmamvm Tefrabromnlc * 

Germanium tetrabronude was prepared by heating the metal in a 
current of nitrogen charged with bromine Pure dry nitrogen, pre¬ 
pared as described on page 220, was passed through pure dry bromine 
(see page 221) in a bubbling flask, and then through a hard glass tube 
containing the germanium in alundum boats The tube was inclined 
downward and connected at its lower end by means of a ground joint 
with a condensing bulb, followed by a U-tube chilled with ice Since 
the boiling point of the tetrabronude is 185 9° 10 it was unneessary to 
chill the condensing bulb Fused or well-ground glass connections 
without any lubricant were used throughout the system 
After the nitrogen train and the germanium tube had lieen swept 
out with nitrogen for some time the bromine was introduced in the 
bubbling flask through a side tube, and the germanium was heated to 
about 250°, since os already stated by Dennis and Hanee, 11 rapid com¬ 
bination between the metal docs not take place below 220° The 


to Dennis and Hanee, Jour Amer Chem. Soc v 44, 301,1022 
il Reference 10, page 300 
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bromine flask and connecting tubes were wanned to increase the 
bromine concentration until the metal glowed bnghtly from the beat 
of reaction The tetrabromide condensed in the cool portion of the 
hard glass tube beyond the metal and flowed down into the condensing 
bulb This transfer was assisted by occasionally wanning the tube 
As long as a considerable amount of unchanged metal remained in the 
boats vcr> little bromine passed into the distillate The process was 
continued until the metal had nearly disappeared and unchanged 
bromine was passing through the system Then the condensing bulb 
was sealed off from the reaction tube About sixty -five cubic centi¬ 
meters of tetrabromide were obtained Besides free bromine the 
product contained hydrogen bromide and either germanic acid or 
oxybromide owing to some contact with moisture Arsenic, tin, 
antimony, and silicon also were to be feared In the following table 
are given the boiling points of some probable impurities, together 
with the effect on the observed atomic weight of germanium of a pro¬ 
portion of 0 1 per cent of each impurity alone 

TABLE I 


Boiling Points or Inorganic Bromides. 



Boiling pobt 

Effect of 0 1 % 
atomic weight 


degree* 

fttnmtan 

HBr 

- 090 

-0087 

Bra 

58 6 

-0094 

SiBr< 

153 0 

-0055 

GeBr« 

185 9 


(Br 4 

190 0 

-0070 

SnBri 

2010 

4*0038 

AsBr* 

220 0 

4-0 020 

SbBr, 

280 0 

4-0070 


The germanium tetrabromide was now purified by fractional dis¬ 
tillation in a fashion very similar to that used in purifying other 
inorganic halides m this laboratory tr8 
Dennis and Hance 12 have found that, if excess of bromine is 
removed from the tetrabromide by means of mercury, mercuric 
bromide vaporises to some extent with the tetrabromide when the 
latter ib distilled, hut that the bromine may easily be eliminated by 
fractional distillation We therefore avoided the use of mercury* 


M Reference 8, page 800 
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Since our experience with the tetrachloride led us to expect that other 
impurities could be removed by fractional distillation, we depended 
entirely on this process henceforth 

The bulb containing the tetrabronude was sealed to two U-tubes 
and the second U-tube was connected through a tube containing solid 
sodium hydroxide to an efficient water pump While immersed in a 
bath of concentrated sulphuric acid at about 120° the bulb was ex¬ 
hausted apd the tetrabromide was allowed to boil gently for some time 
In this way the air in the bulb was flushed out and at the same time a 
considerable proportion of the free bromine and other more volatile 
impurities were expelled from the tetrabromide In the first U-tube, 
which was chilled with ice, a fraction of tetrabromide of about two 
cubic centimeters condensed The glass tube connecting the bulb to 
the first U-tube was sealed off at a constriction while the tetrabromide 
was boiling 

In order to rerao\c permanent gases still more completely the bulb A 
(Fig 1) was attached through a special xalvc a with which it hud 
been originally provided to three half-liter globes 1,1,1, followed by a 
second special valve b The globes were exhausted to u pressure of 
0 001 mm by means of a Gaedc mercury pump through a side tube d 
which was sealed while the pump was operating Then the bulb of 
tetrabromide was surrounded with boiling water and connection with 
the exhausted globes was made by opening the special valve a nearest 
the bulb Bromine together with a small amount of tetrabromide 
immediately evaporated into the globes 1,1,1, again flushing out the 
gases in the bulb The gloties were sealed off at r not long after the 
valve was opened Another bulb B attached through a vertical tube 
to a fractionating column f filled with glass pearls was next sealed to 
the tetrabromide bulb A Beyond the fractionating column were 
condensing bulbs 2,28, and a special valve h 

The details of a Bpeaal valve are shown in Figure 1 The sealed- 
in capillary o is closed at the end and is scratched with a file at several 
points to facilitate breaking To open the valve the closed tube of 
glass weighted with mercury n is allowed to strike the capillary with 
some force ia 

After the bulb B and the column / had been exhausted through g, 
the valve 6 was opened Even when the tetrabromide was surrounded 
with boding water, distillation did not at first take place, apparently 

is This valve was apparently devised by Bruner and Below (Zeit Elekfcro- 
ohem, IS, 360, 1012] and has been found very useful in this laboratory 
References 1,3. 
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owing to choking with bromine vapor But when one of the small 
bulbs, 2, was temporarily chilled with liquid air, so that the bromine 
was largely removed from the system, distillation of the tetrabromide 
proceeded readily. After all but a few cubic centimeters of tetra¬ 
bromide had been collected in B, the original bulb A was disconnected 
by sealing the capillary e 



Bulb B was now attached to a third bulb C with fractionating column 
and these were exhausted through l Bulb B containing the tetra¬ 
bromide was then surrounded with boiling water, while the small 
bulb 2 was chilled with liquid air Refluxing in the column / took 
place vigorously while a liquid consisting chiefly of bromine con¬ 
densed in the small bulb By continually agitating the system the 
greater part of the bromine content of the tetrabromide was eliminated 
and collected in 2, which was sealed off at the capillary while still 
chilled The main bulk of tetrabromide was then transferred from B 
to C by opening the valve h and warming B The Hempel column 
operated very efficiently with negligible choking when merely air¬ 
cooled When the residue in B had been reduced to about two cubic 
centimeters the capillary i was sealed 
Eleven more fractional distillations were now earned out with 
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apparatus of the general type indi¬ 
cated in the right-hand side of Fig¬ 
ure 1 In each distillation one or two 
leust volatile fractions were removed 
from the tctrabromide by condensa¬ 
tion m small bulbs before connecting 
each exhausted system with the suc¬ 
ceeding one, and when all but about 
two to three cubic centimeters of 
bromide had l»ecn removed during 
a fractionation, the still was sealed 
off from tlie receiver and the residue 
condensed in a small bulb The com¬ 
plete outhue of the distillation is 
shown in Figure 2 In this diagram 
each fractionation is indicated hv a 
lettered circle, while the fractions re¬ 
moved arc shown by small circles 
numbered in the order of decreasing 
volatility, that is, in distillation (3 
the most volatile fraction is 8 and 
the least volatile* 23 The atomic 
weight of german turn found from 
each sample is also shown m Figure 
2, the uppei number in each case be¬ 
ing that found by comparing the 
bromide with silver, the lower hv, 
weighing the silver bromide formed 
Fractions 9,15,17 and 22 either were 
lost by the cracking of the bulbs or 
were preserved for future examina¬ 
tion 



flu 2 


Purity of Germanium Tetrabkomide 

As stated above, the removal of the bromine m the les 9 volatile 
fractions was very rapid Fractions 2 and 3 consisted very largely 
of bromine, Fraction 4 contained a small proportion, but Fraction 5 
was essentially colorless So far as bromine and hydrogen bromide 
were concerned wp therefore felt justified m using subsequent fractions 
for analysis 
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Since silicon tetrabromide is more volatile than the germanium com¬ 
pound the more volatile fraction, 3, weighing 5 0 grams, was analysed 
for silicon The contents of the bulb were added to pure water in a 
platinum crucible and the crucible was filled with freshly distilled 
constant-boiling hydrochloric acid After evaporation of the solu¬ 
tion nearly to dryness over an electric hot plate the crucible was three 
times more filled with hydrochloric acid and the solutfcm evaporated 
In this way the germanium was expelled while the silicon compound 
must have been hydrolyzed to silicic acid The crucible was then 
ignited and weighed by substitution In order to expel any silica the 
crucible was next filled with hydrofluoric acid which had been freshly 
distilled through a platinum condenser, and after evaporation of this 
acid and ignition, the crucible was reweighed A loss m weight of 
only 0 01 mg was observed and this result was not altered by a second 
evaporation with hydrofluoric acid This seemed to he conclusive 
evidence that the germanium tetrabromide was never contaminated 
with a perceptible amount of silicon tetrabromide 
The residues from the first four fractionations, fractions 20 to 29, 
were hydrolyzed with ammonia and the solutions evaporated to dry¬ 
ness When the arc spectra of these products were produced on 
graphite electrodes and photographed with a F4ry quartz spectro¬ 
graph, arsenic lines could not lie discovered m any of the spectra, even 
in that of fraction 29 Fractions 26 and 27 seemed to contain no 
metals except germanium Fractions 28 and 29, however, showed 
the merest traces of tin and antimony The least volatile fraction of 
the fifth distillation was therefore believed to lie pure enough for 
analysis 


Analysis of Germanium Tetrabromidk. 

The analysis of germanium tetrabromide followed closely the pro¬ 
cedure used m the analysis of the tetrachloride After being weighed 
the bulb containing germanium tetrabromide whs broken under an 
excess of sodium hydroxide and the glass was collected and weighed 
The solution was diluted to considerable volume and made acid with 
mtnc acid, and then was precipitated with a solution of a weighed, 
very nearly equivalent amount of pure silver The point of exact 
equivalence between bromide and silver was then found with the 
assistance of a nephelometer In all the experiments the silver 
bromide was collected and weighed 
The bulb containing the material for analysis was first scrubbed 



A REVISION OF THE ATOMIC WEIGHT OF GERMANIUM 220 


with soap solution and then was allowed to stand for some time in 
sulphuric acid-dichromate solution After thorough rinsing it was 
soaked for at least twenty-four hours m the purest water From this 
point the bulb was not touched with the fingers Next the bulb was 
placed in a basket of platinum wire which had already been weighed 
under water with an accuracy of one milligram, and the bulb and 
basket together were weighed under water of known temperature 
Rinsing with pure water and draining were followed by drying, first 
over sulphuric acid, finally over potassium hydroxide which had been 
fused with permanganate to destroy organic matter. The bulb vas 
then weighed by substitution and the density of the air m the balance 
case at the time of weighing was found by weighing a sealed standard¬ 
ised glass globe 14 

A 4 normal solution of pure sodium hydroxide containing a one 
hundred per cent excess over that necessary to form sodium bromide 
and sodium germanate was filtered through a platinum sponge crucible 
into a heavy walled, two-liter Erlenmeyer pyrex flask provided with a 
carefully ground glass stopper The weight of glass in the bulb con¬ 
taining the tetrabromide was estimated m computing the amount of 
sodium hydroxide necessary The weighed bulb was carefully intro¬ 
duced, and, before the stopper was inserted, the flask was warmed 
gently so that ultimately the pressure should be slightly inward 
After cooling the flask with tap water the inner walls of the flask were 
wetted with sodium hydroxide solution by inclining the flask and 
rotating, and then the bulb was broken by shaking the flask A dense 
fog immediately appeared in the flask Again the flask was cooled and 
although the fog disappeared in the course of fifteen minutes the flask 
was allowed to stand for about three hours longer The resulting 
solution was perfectly dear except for glass fragments 

The fragments of the glass bulb were collected on a weighed, plati¬ 
num sponge crucible The solution was filtered directly into the 
glass-etoppered Erlenmeyer precipitating flask, and the glass was 
washed by decantation ten or twelve times with about one hundred 
cubic centimeters of boiling hot water and once with odd water before 
being transferred to the crucible. Drying at 300° for eighteen hours 
in an electrically heated porcelain air bath preceded the weighing of 
the crucible both empty and with the glass In order to make sure 
that no germanium hydroxide was retained by the crucible and glass, 
the two were further treated with hot 4 normal nitric add by slowly 


H Baxter,Jour Amer Chem Soc , 43,1817,1921. 




230 


BAXTER AND COOPER* 


pouring from 400 to 800 cc through the crucible This treatment 
usually produced a slight loss in weight of a few hundredths of a milli¬ 
gram, but a second similar treatment produced no further change of 
appreciable magnitude 

In similar experiments with the tetrachloride 18 it was found that 
during the treatment of the glass with alkali, solution took place at 
the rate of 0 007 mg per gram per hour of treatment with alkaline 
germanate solution, combined with the mtnc acid treatment A posi¬ 
tive correction of this magnitude was therefore applied to the weight 
of glass obtained in each analysis This correction did not exceed 
0 03 mg in any experiment 

Prom the observations with the bulb before breaking and the weight 
of glass corrected as above and for the buoyant effect of the air, the 
weight of germanium tetrabromide was found The weight of silver 
necessary to precipitate the bromide was computed, and was weighed 
out, chiefly m the form of a very few large buttons, the final adjust¬ 
ment being made with small electrolytic crystals After cureful 
solution of the silver in halogen-free nitnc acid and elimination of 
nitrous acid by heating the solution, in a flask provided with a spray 
trap in the form of a column of bulbs ground into the neck of the flask, 
twenty-five cubic centimeters additional of concentrated nitric acid 
were added, together with sufficient water to make the solution nearly 
tenth normal m silver The acid solution was then added slowly with 
continual agitation to the germanium solution which had l>een diluted 
to less than tenth normal concentration dunng the washing of the 
glass and also had been made acid by adding an excess of twenty-five 
cubic centimeters of nitric acid through a funnel tul>e extending to 
the bottom of the solution The mixture was then allowed to stand 
for several days with occasional shaking, and the solution was tested 
for excess of bromide or silver in a nephelometer If an excess of 
cither was found, the deficiency of the other was made up bj adding 
hundredth normal silver nitrate or potassium bromide until the end¬ 
point had lieen reached Since at the endpomt the test portions 
appeared almost free from precipitate, there seems good reason to 
believe the bromine to have been thoroughly freed from chlonne 

Occasional testing of the solution was continued for a period of at 
least one month in every analysis The manipulations of precipita¬ 
tion and testing of the solutions were always earned out m ruby light 
In using the nephelometer all the precautions noted b> Richards and 


xs Reference 1, pegs 246 
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Wells 16 were observed, such as preparing the comparison tubes under 
as nearly as possible identical conditions of temperature, concentration 
and time 

In every analysis the silver bromide was collected on a platinum 
sponge crucible and weighed First the solubility of the silver chloride 
was reduced by adding eight milligrams excess of silver nitrate, and 
after being shaken vigorously the system was allowed to stand over¬ 
night Filtration of the supernatant liquid through a large weighed 
platinum sponge crucible was followed by thorough washing of the 
precipitate by decantation with a solution containing seven milli¬ 
grams of sil\ er nitrate and five cubic centimeters of mtnc acid per liter 
In Analyses 20 and 30 no mtnc acid was added to the washing liquid 
and in Analysis 30 fort\ milligrams of silver nitrate were added to the 
original solution to lower the solubility of the silver bromide The 
precipitate was transferred to the crucible with pure water, and after 
being dried in an electi icalfy heated porcelain oven for about eighteen 
hours at 160° it was weighed Moisture retained by the precipitate 
was determined by fusing the main bulk and finding the loss m weight 

No correction is applied for silver bromide dissolved in the mother 
liquor and silver nitrate washings, but the solubility in the pure water 
used for transfer was assumed to be 0 1 mg per liter The precipitat¬ 
ing flask was rinsed with ammonia and after the resulting solution 
had been diluted to 100 ct, its bromide content was found by com¬ 
parison with standard bromide solutions in a ncplielometer after 
adding nitric acid and silver nitrate 

In the tables the original weight of silver bromide has been cor¬ 
rected for bromide introduced m the comparison of the germanium 
bromide with silver The results of all the analyses undertaken are 
given. 

Weighings were made on a No 10 Troemner balance, sensitive to 
0 02 mg with a load of fifty grams A 5 milligram rider was used to 
determine quantities less than this and more than 0 05 mg Inter¬ 
polation from zero points was employed only for amounts less than 
005 mg 

The weights were of gold-plated brass, except the fractional weights 
which were of platinum, and were compared by the Richards substitu¬ 
tion method 17 

All weighings were by substitution In the case of the bulb and 


M Richard and Wplls, Aroer Cham. Jour, SI, 235,1204; 85,510,1900 
17 Richards, Jour Amer Cham Soc , 22,144, 1000 
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silver, the weights were substituted for the object weighed In the 
case of the glass and the silver bromide the crucibles were substituted 
for similar counterpoises A small quantity of impure radium 
bromide was kept in the balance case to prevent electrostatic effects 
Vacuum corrections were applied as follows 


TABLE II 

Vacuum Corrections 

Density 


Weights 8.3 

Air at 0° and 760 nun 0001293 

Glass 2 5 

Sliver 1049 

Silver bromide 6 47 


+0 00033 
—0 000031 
+0000041 
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Avenge, omitti ng Anal yses 4 and 5 0.909016 
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Discussion of Results 

b At following table the results sore arranged in the order of ds> 
■easing volatility of the fractions analysed. 


TABLE V. 

Tn Atomic Wwoht or Gbsmamidm 


mmm 


AtonfewtHtt 

(MniTSSr 

Awn* 

6 

72*691 

72 579 

72.685 

7 

72.603 

72.603 

72603 

8 , 

72 562 

72674 

72*568 

10 

72.608 

72 608 

72.603 

M 

72 586 

72.594 

72600 

12 

72.586 

72 604 

72 696 

13 

72602 

72 608 

72606 

14 

72607 

72.609 

72608 

16 

72 603 

72601 

72 602 

18 

72.699 

72607 

72 608 

19 

72.596 

72.597 

72 697 

20 

72.581 

72 604 

72 693 

21 

72 600 

72619 

72 610 

23 

72 595 

72604 

72 600 

24 

72 651 

72.670 

72 661 

26 

72 579 

72 567 

72 573 


Since the more probable low boiling impurities, bromine, hydrogen 
bromide and silicon tetrabromide, if present, would lower the ob¬ 
served atomic weight, while the possible high boiling impurities, the 
bromides of tin, arsenic and antimony, would raise the observed 
atomic weight, it is natural to look for such a trend with changing 
volatility of material Actually no such trend csn be d is c o vered. 
The variations seem to be fortuitous, except possibly in the case of 
the two least volatile fractions 24 and 25 But these two fractions 
give low values for germanium instead of high values. While these 
two results may have been affected by some unknown low boiling 
impurity, the fact that other scattered results in the series are as low 
sb these makes H unnecessary to assume such an explanation. More¬ 
over, the visual evidence as to the absence of bromine and the negative 
test for silicon together with the spectroscopic evidence is in favor of 
uniform purity of all the fractions. 

However, if any difference in purity exists, the middle fractions 
must have been the purer. Ribninatinsi of the three lightest fractions. 



236 


BAXTER AND COOPER 


6, 7, 8, and the three heaviest, 23, 24, 25, raises slightly the averages 
of the two senes to 72 596 and 72 605, with the combined average 
72 601 These six fractions happen also to be the first six analysed, 
and it is possible that lesser familiarity with the process may have 
been in part responsible for the fact that all the experiments which 
yielded low results are included among them 
After Analyses 11 and 27 had been completed the flask which was 
used at first for breaking the tetrabromide bulb was changed for a new 
one, since the first had been somewhat scarred in earlier work We 
have no reason to 1>eheve that tlus change was of importance 
Furthermore a different sample of silver was used m Analyses 12- 
16 and 28-32 from that employed in the others, but since both 
specimens had been prepared by identical processes, here again there 
is little likelihood that the results were affected the change In 
fact the ratios of silver used to silver bromide obtained in the two 
parts of each analysis support this view These ratios are given m the 
following table In Analyses 6, 7,8, 23 and 25 the silver bromide was 
tested for germanium by photographing the arc sjiectra on graphite 
electrodes m a V6ry quartz spectrograph No evidence of even traces 
of germanium could be found 


Anal \pm 

TABLE VI. 

Ag AgBr 

l ^ or 

Ratio Af t AfBr 

1 and 17 

6 

0 674436 

2 and 18 

26 

0.674436 

8 and 19 

7 

0674462 

4 and 20 

24 

0 574481 

5 and 21 

8 

0574472 

6 and 22 

23 

0 574466 

7 and 23 

10 

0 674468 

8 and 24 

21 

0574482 

0 and 26 

11 

0.674465 

10 and 26 

20 

0 574487 

11 and 27 

12 

0574479 

12 and 28 

19 

0 574464 

13 and 29 

13 

0.574462 

14and30 

18 

0574464 

16 and 31 

14 

0574456 

16 and 32 

16 

0.674450 


Average 

0.574463 

Average from Analyses 1-11 

0574466 

Average from Analyses 12-16 

0.574457 
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The average of the first eleven experiments differs from that of the 
last five by only 0 0016 per cent. Since the latter is almost identical 
with the value found by Baxter 18 and by Hdmgschmid and Zintl, 18 
0 574453, these five experiments may on the whole be considered the 
most satisfactory of all The average atomic weight of germanium 
found in these last five experiments in these first senes is 72 601, and m 
the second 72 604 

The value 72 00 thus seems to represent fairly the result of our 
analysis of germanium tetrabromide This is identical with the value 
found by analysis of the tetrachloride As pointed out m the paper on 
the tetrachloride this result is in accord with the mass spectrograph 
results of Aston 90 who estimates the proportions of the isotopes of 
germanium, 70, 72 and 74 to be 2 4 5 These figures lead to an 
average atomic weight of 72 55. 

Summary 

1 Pure germanium tetrabromide has been prepared by fractional 
distillation m exhausted vessels 

2 The atomic weight of germanium has been found to be 72 60 
by analysis of germanium tetrabromide This value is identical with 
that previously found by analysis of the tetrachloride 

We are especially indebted to the Bache Fund of the National 
Academy of Sciences for generous assistance in providing much of the 
necessary apparatus and materials, and to the New Jersey Zinc 
Company for the gift of germaniferous zinc oxide 

W Baxter, These Proceedings, 42,201,1906.1 

M Hftmgsohmid and Zintl, Ann, 422, 201,1928. 

90 Aston, Phil Mag, 47, 894, 1924 
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Introduction 

This research deals with the determination of the latent heat of 
vaporization at atmospheric pressure of liquid oxygen, nitrogen, and 
of mixtures of the two in all proportions The best of the previous 
determinations for pure oxygen and nitrogen and those reported 
herewith are listed in Table I 

TABLE I 
Oxygen 

Investigator 

J S Shearer 1 1003 

T Estreicher a 1904 

I Dewar * 1906 

H Alt* 1906 

H Bawchall® 1911 

W H Keesom • 1914 

L I Dana 1922 



Nitrogen 


J S Shearer 1 * 

1903 

49 8 

I Dewar* 

1906 

504 

H Alt 4 

1906 

4765 

L I Dana 

1922 

47 74 


latent Heat 
595 
57 8 
511 
5092 
513 
508 
5101 


PAGE 
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246 
249 
251 
. 258 

255 

256 

257 
262 
266 


l Him Rev, 17.469,1903 

9 Bun do FAead dee So de Craoovie, p 183,1904 

* Proc Roy. Soo, 76 A, 825, 1906 

4 Ann der Fhys, 19, 789,1906 

* Zeit fttr EkSfctrochemie. 17,845,1911. 

4 Comm Fhys. Lab Leiden, No. 137e, 1914 
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The general method adopted by the above-mentioned investigator^ 
was to pass an electric current through a coil immersed m a Dewar 
flask filled with the liquid By measuring the power input, and the 
amount of liquid evaporated, either from the volume of the gas or the 
weight of the liquid, the latent heat could lie equated Dewar 
dropped a mass of metal of known specific heat into the liquid and 
measured the volume of the evaporated gas In all the cases except 
those of Alt and Barschall, the heat leaks were large As Alt pointed 
out, the evaporation flue to conduction down the current leads, while 
the evaporation proceeded, was obviously not die same as that with¬ 
out power input 

Several attempts 7 8 8 have been made to measure die latent heat 
of mixtures bj methods identical with those used for pure substances 
None of the results, however, can be said to possess definite meaning 
In the first place, no accurate thermodynamic definition of die latent 
heat was giv en or followed, it is possible to define the latent heat of a 
binary mixture in several wa>s Secondly, the method of placing a 
heating coil in a laige volume of the liquid mixture and evaporating 
without stirring < annot yield definite results The reason for this is 
that the f hanges of composition which take plttf e in one portion of the 
liquid (sa> near the heating coil) are not communicated to all portions 
ex<*ept by slow convection In such an instance, not only would the 
exist!nee of a steady state be improbable, but the results would depend 
oil the position of the heating coil 

The calorimetric method adopted in this research is the method of 
continuous flow The principal feature of the calorimeter consists of 
the thermal isolation of u small volume of the liquid by means of a 
glass bulb, surrounded bv a vacuum jacket, communicating with a 
large 1 volume of the liquid through a capillary tube See Figures 1 
and 2 Heat is supplied eleetncallv through a heating coil in the bulb 
Issuing from the top of the latter is a narrow glass tube through which 
the cold gas from the lulling liquid flows with so high a velocity that 
the main source of heat leak—conduction down the heating coil leads— 
is diminished to a negligible proportion When a binary mixture is 
being evaporated, the important property of the calorimeter to be 
noticed — assuming that the proper steady state exists in the bulb — 
is that the composition of the vapor arising from it is identical With 
that of the main body of liquid in the outside bath 

7 J S Shearer, Phys Rev, If, 489, 1904 

• Fenner and Riohtmyer, Phys Rev , SO, 77,1906. 

• G Witt, Archiv fttr Matematrit, Aatronomi och FWk, Upsaka, f, No 82, 
1,1911-12 
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Power is measured by determining the current and voltage with a 
high precision potentiometer After the evaporated gas passes 
through a circuit which saturates it with water vapor and brings it to 
a definite temperature, its volume is measured by a laboratory gas 
meter of the wet type which has afforded a fairly high degree of 
precision A chronograph records the rate of rotation of the meter 
drum As the liquid evaporated, the calorimeter was lowered by a 
special mechanism, thus maintaining a constant level of liquid in the 
bulb 


Definitions of the Latent Heat 

There is no need to enter into detail concerning the definition of the 
latent heat of v apomation for a pure substance For a binary mix¬ 
ture, however, the definition is a far more complicated matter, since in 
addition to three fundamental variables such as pressure, temperature, 
and volume, there is also the composition, thus one would expect a 
numl>er of definitions equal to the number of possible methods of 
evaporation 

Consider the temperature-composition diagram for mixtures of 
liquid oxygen and nitrogen at constant pressure, Figure 3 The 
composition a* represents the actual mole-fraction of oxygen which 
(as far as the pcrfei t gas laws ma> be considered to hold for the gases 
under normal conditions) is equal to the per cent of oxv gen by volume 
as determined by ordinary gas analysis One definition of the latent 
heat is the heat required to evaporate an infinitesimall> small amount 
from a pool of liquid of composition a*i at constant temperature and 
pressure, into the vapor phase r? normally in equilibrium with the 
liquid 10 11 Two other definitions result from the method of beginning 
with a liquid of composition r u and evaporating tile liquid completely 
— in the first case, at constant temperature, and in the second, at 
constant pressure The latent heat determined in this investigation 
can be called the latent heat at constant composition, or the vertical 
instead of the horizontal latent heat That is (looking at Fig 3), 
the change of state is from the liquid state 1 to the vapor state 1' and 
the heat per unit mass supplied to the liquid measures the total change 
in heat-content in passing from the state 1 to 1' By the heat-content 
is meant the thermodynamic function ll ■* E + pv 9 where E is the 
internal energy, j> the pressure, and v the specific volume 

10 y d Waals-Kohnstamm. Lehrbuch der Thermodynamik, Band II, p 112. 

U J P Kuenon, Vordampfung und VerfiOssigung von Gemischen, p 38 
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(How the process of evaporation can be earned out in the calorimeter 
seems at first sight somewhat obscure, and we will attempt to describe 
it injmore detail As stated before, the composition of the vapor 
leaving the bulb is the same as that of the liquid entering the capillary 
from the outside bath, provided that a steady state has been reached 
in the bulb and tliat no liquid or vapor is ejected back into the bath 
Thi 9 fact was verified by expeument first, by analysis of the liquid 



Fiu 3 


and vapor, and second, bj weight of the separate components before 
mixing This condition must hold if the law of conservation of matter 
holds, but it seems paradoxical in view of the fact that the vapor 
boiling off from a bmar> mixture is, in general, of different composition 
from the liquid Nevertheless, if we take the composition of the 
liquid in the bath as x lt it is evident (Fig 3) that the vapor which 
normally would come off from this liquid would be of composition x i9 
but, since the vapor issuing from the bulb is of composition xv <= jpi, 
the liquid m the bulb must be x% This is actually the case As the 
liquid x z m the bulb loses vapor x lt which is richer in nitrogen than x% 
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liquid xu also richer m nitrogen than x$, enters from the capillary to 
make up for the loss The temperature of the liquid in the bulb is 
always higher than that of the outside liquid by an amount given by 
the vertical ordinate betw een the two curves ui Figure 3 
For this method to work it would seem to be necessary that the 
bulb be reasonably small and that good stirring of the liquid take place 
m order that a stcadj state should be attained m a short time In our 
case, sufficient stirring was produced bv the boiling A test of the 
correctness of the conditions m the bulb is furnished by observing 
whether the tom position of tin vapor arising from it is independent 
of the rate of evaporation One of the mam difficulties was to pro¬ 
duce this result Obviously, this state of affairs is not sufficient for 
constancy of the apparent or measured latent heat with the rate of 
evaporation, for the heat leaks or other disturbances mav be different 
at different rates 


Design or thl Calokimetehs 

The principles and factors gov erning the design of the calorimeters 
will now be considered A number of models were constructed of 
which three were used for final data In Table II the dimensions in 
cm of the important parts are given 


TABLE II 


Color no 


Bulb 


Capillary 


Length 

Diameter 

Length 

Inside diameter 

III 

55 

33 

13 

0 25 

VJ 

5 0 

28 

20 

0.13 

VII 

70 

35 

15 

013 


P y rex gloss wus used for the calorimeters In order to reduce the 
amount of waste liquid at the end of each run, the bulb was placed as 
low as possible in the jacket The inside of the jacketed space was 
silvered and evacuated to cut down convection and radiation The 
use of a narrow tube for conveying the evaporated gas resulted in a 
high velocity of flow, thus diminishing the heat conduction down the 
copper leads The tube was of length adequate to make negligible 
the conduction down the glass As shown in Figures 1 and 2, the cold 
gas passed through a circuitous path at the top of the calorimeter so 
that its cooling power could be utilized. 

As the largest heat leak encountered is the heat conduction down the 
copper leads the diameter had to be chosen as small as consistent with 
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low development of Joulean heat in the leads The currents were of 
the order of one ampere Number 28 copper wire seemed to be the 
best compromise The wires, insulated over their whole length by 
very fine, long, glass capillaries, were soldered to heavy copper termi¬ 
nals, enclosed by tubes at the head For potential leads, Number 30 
constantan, also insulated with glass capillaries, was chosen The 
resistance of these leads had to be taken into account in the potential 
measurements, and did not varv appreciably with the temperature 

It is to be observed that the measurement of the conduction leaks 
must be made while the calorimeter ts running, for the cooling power 
of the cold gases is intended to take care of these leaks A thermo¬ 
couple, with one junction m the liquid, was installed along the central 
tube of the culorimeter One element of the couple was copper, of the 
same diameter as tliat of the leads to the heating coil, fine constantan 
wires were soldered to the <x>pper 10 cm apart, and the cmf’s were 
read with the power on At a power input of 8 watts the junction 
10 cm abo\e the liquid read 6°C higher than the liquid, and at 20 
watts it read 2 5° C higher Now if we assume, at worst, the tempera¬ 
ture gradient to lie linear from 10 cm above to the surface of the 
liquid, the conduction down the glass tube is not more than 1 part m 
10,000 of die power input, and that down the copper leads is at most 
3 parts m 10,000 The possibility has also to be considered diat a 
part of the Joulean heat developed m the leads can enter the liquid, 
rough calculations show that it is not more than 2 parts in 10,000 
Corrections have been applied for these leaks, although, as far as the 
accuracy to which the final data is given, they may well have been 
omitted 

Widi pure oxygen and nitrogen the temperature in the bulb is the 
same as that outside in the bath, thus, in these cases, there is no 
question of radiation to the lower half of the calorimeter Approxi¬ 
mate calculations show that radiation from above is negligible The 
results for the latent heats with calorimeter VI were the same when 
silvered or unsilvered, even with mixtures. But calorimeter VII 
showed a small effect with mixtures due to radiation to the surround¬ 
ings, which calculation evinced to be possible as regards order of 
magnitude, on silvering the effect disappeared As a control on the 
losses through the vacuum by radiation, convection, and glass con¬ 
duction, the leads and heating coil were removed immediately at the 
dose of a run, and the attempt was made to collect any gas evolved, 
but no appreciable quantity came off. 

The same heating coil served for calorimeters III and VI The 
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leads to the coil were attached to the ground glass stopper head at the 
top — surrounded by a mercury cup — and the whole combination 
formed a unit which could readily be remo\ ed In calorimeter VII, 
however, the heating coil was sealed into the bulb so that the whole 
calorimeter formed one piece, as shown m Figure 2, The heating 
coil for calorimeters III and VI consisted of about 55 cm of number 
35 B and S gage manganm wire, having a resistance of about 15 
ohms It was strung with glass beads and wound closely on a nuca 
frame — the coil having a final diameter of about 12 cm and a length 
of 3 0 cm The glass beads sen ed the double purpose of insulation 
and the production of quiet boiling Previous investigators found 
that the power input with a bare wire was sharply limited With our 
coils, however, the beads prevented bumping, and the boiling remained 
quiet and regular e\ en with powers as high as 20 watts Although 
the data obtained with the first coil with \arious rates of evaporation 
indicated that very little, if any, superheating of the vapoi or spatter¬ 
ing of the liquid existed, nevertheless, the fear arose that such diffi¬ 
culties might occur with so concentrated a heating coil Therefore, 
the heating coil for calorimeter VII had quite different constants It 
was made considerably longer— 125 cm , 16 ohms resistance — and 
was distributed on a nuca frame throughout the volume of a larger 
bulb Tilt wire was completely covered with small pyrex glass heads 
with sharp edges If there was superheating of the liquid or of the 
vapor, it should be considerably less with such a coil than with the 
prev urns coil \t the same tune, the mica baffle plate, which remained 
fixed above the heating coil, should reduce to some extent the spatter¬ 
ing if it existed in appreciable amount Fortunately the results with 
both types of calorimeter were identical within the experimental error 
As a c heck against superheating of the liquid, the temperature in the 
bulb, while evaporating liquid oxygen, was observed to be the same, 
within 0 01° C, as that of the liquid outside, and, as a check against 
superheating of the vapor, it was found that with oxygen the same 
value of the latent heat resulted when the level of the liquid stood at 
the top of the heating coil as when it stood 1 5 cm above In several 
cases, in which, by accident, the heating coil remained only partly* 
immersed, very much higher values for the latent heat than normally 7 
found were recorded 

In determining the proper dimensions of the capillary, we have to 
take into account a number of considerations Since with mixtures 
the temperature in the bulb is higher than m the liquid outside, the 
dimensions of the capillarv miist be such that the heat conducted away 
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is negligible If the internal diameter is too large, the liquid has a 
tendency to kick back when the evaporation is proceeding This was 
apparently the case with calonmetei III, as the composition of the 
vapor was not constant with the rate of evaporation, and consequently 
it could not be used for mixtures To prevent the tube from becoming 
clogged by small particles of ice it was necessary to use a filter, just 
slipping ov er the bottom of the calorimeter It consisted of a cylinder 
of fine gauze, rloscd at the bottom by a thm brass plate It was not 
desirable to have the gauze at the bottom because the mesh sometimes 
allowed bubbles of gas to pass through, or the sharp points of the mesh 
acted as centers of formation of bubbles which found their way up 
to the capillary, thus introducing extra gas into the line Finally the 
capillary had to be free from sharp kinks so that the flow of hquid 
would be perfect!v regular The velocities of the liquid through the 
capillary were rather high, e g , for calorimeter VI, and for the fastest 
rate of evaporation (20 watts) the flow amounted to 7 cm per second 

Liqvid Lkvlus, 

It is e\ ident that as the liquid in the bulb evaporates its level would 
fall quite rapidly if it were not kept constant bv the influx of new 
liquid and by lowering the calorimeter In maintaining the level we 
have first to eoasider the proper height of the liquid above the coil, in 
order that the coil should not bum out, and that the vapor should not 
become superheated For safety the liquid was held 1 to 1 5 cm 
above the heating coil It requires a certain pressure head to force 
the gas through the pipes and meter, to overcome the resistance of the 
capillary to the flow of fluid, and to balance the difference of densities 
with mixtures when the liquid in the bulb is richer in oxygen than the 
liquid outside and consequently denser The last three factors deter¬ 
mine the natural difference in level between the outside and inside 
while operating Fortunately the pressure head necessary to force 
the gas through the meter and tubes was not high — it varied from 
0 8 to 1 6 cm of water — for the liquid from the surfac c to the bottom 
of the filter is waste liquid as far as a run at a particular time is con¬ 
cerned Assuming Poisseui lie’s law to hold, the pressure head re¬ 
quired to force the liquid through the capillary can be calculated 
For calorimeter VI at the maximum rate of evaporation it is about 
4 mm The correction for differences m densities depends on the 
compositions and densities, but the maximum effect is only 1 5 mm 

A oopper-coustantan thermocouple, connected to a micrometer 
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screw, served as a lex el gauge The conduction of heat along the 
copper was so great that when the junction rested just above the liquid 
surface a thermocouple nulhvoltineter read slightly less than when the 
junction just touched the liquid Thus, by the kick of the needle, one 
could tell when the junction came into contact with the surface, to 
0 1 mm For the pure components the question of the level is not of 
much importance, but it is \ itally so for mixtures 

In the first set-up, the calorimeter was attached to a x ertical screw, 
and whenever the imilrvoltmcter indicated that the liquid level had 
fallen, the calorimeter wus lowered 0 5 mm or so bj turning the screw 
With tins procedure, or exen with more careful hand regulation, one 
could not, with mixtures, maintain constant for any length of time the 
composition of xapor issuing from the bulb It soon l>etame clear 
that the changes of composition followed the discontinuous changes in 
level Now, the fundamental condition for this experiment is that a 
steady state exist m the bulb and that no liquid or vapor be ejected 
bac k For a steady state evaporation, the x olume of the liquid in the 
bulb should remain constant, which condition means that the lex el 
with respect to the bulb should be kept invariable W r hat effect a 
discontinuous change in level can haxc upon the composition becomes 
evident by a simple computation For example, when the outside 
liquid contains r y0% oxygen the liquid in the bulb has the composition 
75% oxygen If we assume that the liquid stands 3 cm high in the 
bulb, and that the calorimeter is suddenly lowered 0 1 mm , then the 
readjustment of the lexvls to the previous values will result in the 
injection into the bulb of liquid of composition different from that 
already present, producing a decrease of its oxygen content by 0 8%, 
and at the same time of that of the issuing x apor by an approximately 
equal amount Hence we see the importance of lowering the calo¬ 
rimeter at a rate equal, as near as possible, to the rate of descent of 
the outer lex el 

\ specially constructed mechanism, driven by a direct current 
motor, maintained a constant rate It consisted of a senes of worms 
and gears which turned a fixed vertical screw, thus lowering a nut to 
which the calorimeter was attached To provide for a wide range of 
speeds, a x amble resistance was inserted in senes with the motor 
armature In operation the rates of descent of the calorimeter varied 
from 0 2 to 0 5 mm per minute. From the physical constants of the 
liquid, and the dimensions of the calorimeter and Dewar flask, the 
rate of lowenng could be calculated approximately for a definite 
mixture and power input The rates of rotation of the vertical screw 
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were plotted as a function of the two \anablea, power and composition, 
thus affording quickly an idea of the proper rate, and the attainment 
of the exact speed ensued in a short while by adjusting the rheostat 
and watching the level gauge By this method, the total change m 
level during a whole run did not amount to more than a few tenths of 
a millimeter, thus giving satisfactory constancy of composition and 
good results for the latent heats 


Gas Measurement 

Coming from the calorimeter, the gas is, of course, perfectly dry and 
colder than room temperature, so that m passing through the meter it 
would produce gradual changes in the lp\el of water and the tempera¬ 
ture of the meter It was, therefore, necessary to pass the gas through 
a conditioning circuit, which could accommodate a flow of two to five 
liters of gas a minute, consisting of a saturator, a condenser, and a 
cooling coil The saturator consisted of a py rex glass tube, and was 
kept at 40° or 50° by a heatmg coil wound on tht outside Then the 
gas passed through an all-metal condenser, cooled by tap water, and 
the flow of w f ater could l>e regulated to maintain the temperature of 
the gas in issuing from the condenser about 1° higher than the meter 
temperature Finally, the gas entered a coil of copper tubing im¬ 
mersed in water, and the temperature of the water w'as adjusted to 
keep the temperature of the gas just entering the meter withm 0 1° 
of that of the meter Temperatures were measured by differential 
thermocouples of very fine wire, protected from radiation, with one 
junction in the meter water and the other in constrictions in the pipes 

The laboratory gas meter of the wet type was not adopted without 
misgiving, for the feelmg prevailed that it could not yield a satis¬ 
factory degree of precision The attempt to use a true “rate of flow" 
meter instead of a serai-integrating type did not meet with success 
Waidner and Mueller 13 have made a thorough study of the labora¬ 
tory gas meters and assert that, if properly used, they are good to 
0 2% With very careful manipulation of the meter, however, our 
data for the latent heats show a better agreement, indicating a higher 
precision in use In addition to the attention paid to the condition 
of the gas, the meter was carefully leveled before each run, and the 
water level set with a magnifying glass, The calibrated meter ther¬ 
mometer could be read toO 05° C It is possible for the volume of gas 
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delivered per revolution to depend on the rate of revolution, conse¬ 
quently, the meter must be calibrated as a function of the rate of flow 
It w of the utmost importance to perform this calibration so as to 
prevent this factor from producing an apparent variation of the latent 
heat with flow 

For the calibration a large tank of over 100 liters in volume, 
immersed in a vat of water, was filled with dry air at a pressure of two 
atmospheres Then the gas was passed at a constant rate, as indi¬ 
cated by an auxiliary flow meter, through the conditioning apparatus 
and meter exactly as under the conditions of use From a tall mer¬ 
cury open manometer connected to the tank and read by a catlietom- 
etcr, and from the barometer readings, the initial and final pressures 
were determined Temperatures of the gas in the tank were given 
by the temperatures of the vat water, allowing, of course, time to 
reach equilibrium During a run the temperature of the water did 
not change more than several hundredths of a degree Enough gas 
was passed through the meter to make exactly 35 revolutions of the 
drum A number of determinations at several rates of flow were made 
during two separate calibrations Unfortunately in the first case, a 
tank of rather thm sheet metal was used, which, it is now quite certain, 
become deformed slightly under pressure, with the result that its 
volume in use differed from that found subsequently by filling with a 
known volume of water In the second calibration a much more 
rigid tank was used Both calibtations showed about the same 
variation with flow, but only the second, determined immediately 
after the main senes of latent heat data, is given here 


TABLE III 

Calibration of Meter 


Time per revolution 

Liter* par 


in eeooada 

revolution 

Mean 

90 

2 8142 



28156 

28120 

2 8199 

65 

2 8176 



2 8163 

2 8170 

£5 

2 8196 



2 8218 

28198 

2 8177 

2 8197 

40 

2 8212 



2 8230 

2.8211 

2*8167 

2.8205 
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The results of this calibration are plotted on Figure 4 All the 
latent heats are calculated using the value of the meter constant given 
on the straight lino on this plot 



Fia 4 

Accessory Apparatus. 

Far the measurement of the current and potential difference at the 
heating coil a four-dial White double potentiometer, having a range 
of 0^50 millivolts, was available The fifth place was read by deflec¬ 
tion of the galvanometer which had a sensitivity of 2 5 mm per micro¬ 
volt at 1 25 meters In all of the measurements the conventional 
precautions of shielding and of the elimination of stray e m f.’s were 
taken For the current measurement, the drop across a 0.01-ohm 
Reichsanstalt standard provided a convenient method The heating 
coil was shunted by a 10,000-ohm and 10-ohm Bureau of Standards 
form of standard resistance, which possessed recent certificates, and 
the potential taps were on the 10-ohm standard See Figure 5 
Correction, of course, had to be made for the current shunted through 
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the potential leads and standard coils The Weston standard cell for 
the potentiometer was compared with two other certified Weston cells, 
and the readings of the potentiometer itself were checked by an aux¬ 
iliary potentiometer made up of certified B S resistances and standard 
cells The results of the intereompanson left no doubt that the power 
was correctly measured m international watts to at least 0 05 % 



The rate of re\ olution of the meter was determined on a chrono¬ 
graph By fastening a projecting piece of platinum foil to the zero 
point of the meter, and also co\enng the needle with foil — this 
terminal being grounded to the frame — the time of passing the zero 
could be communicated to the chronograph Second beats were 
furnished by a standard clock, and the position of the meter signal 
could be easd> read to 0 1 second In practice the total time for a 
definite numlier of revolutions, usually in a period of 40 minutes, was 
ascertained, giving the mean tune per revolution 
For the analysis of the mixtures, an electrical method based on the 
thermal conductivities of gases and developed by the Bureau of 
Standards, 18 was set up and used as an operating indicator Actual 
analyses were made by absorbing the oxygen in a copper ammonium 


15 JE R Weaver, et a), J Ind Eng. Chem , 12, 359, 1920 
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solution in a Herapel pipette 14 The range was divided into two 
parts by using two burettes and the analyses were good to 0 1% of 
oxygen The method of sampling deserves discussion It was de¬ 
cided to be best to gather an average sample over a whole run, in 
order to smooth out possible slight irregularities in the composition 
resulting from the unsteady motion of the ralonmeter At the outlet 
of the meter gas was tapped off at a constant rate by an 8-liter siphon 
bottle A capillary tul>e flowmeter insured that the same fraction of 
the issuing gas passed out at any instant Instead of using water in 
the siphon bottle, it was filled with a hea\ y , white, pure mineral oil 
in which gases are only \ery slightly soluble However, smoe the 
analysis of the sample occurred immediately after collection, all danger 
from selective solubihtx was avoided 

Liquefaction of Gases 

None of the evaporated gas was sa\ed, as the cost and trouble of 
collecting it would have been far greater than that of using new gas 
Electrolytic oxy gen, under pressure m 200 cu ft capacity cylinders, 
constituted the source of ox,\ gen This gas contained several tenths 
of a per cent of hydrogen and se\eral tenths of nitrogen, and —it 
could be assumed with considerable certainty — negligible traces of 
argon and other rare gases The analysis after liquefaction showed 
usually not more than 0 2% of gases insoluble in the oxygen ahsorlient 
Especially since the liquid was made to boil vigorously before use by 
the insertion of a metal rod, it should he expected that practically no 
hydrogen remained It could, therefore, be assumed that nitrogen 
alone constituted the impurity and the small correction necessary was 
made for it We owe to the kindness of Mr Claude C Van Nuys of 
the Air Reduction Company, New York, a number of cylinders of 
rather pure nitrogen from a liquid air column This gas showed less 
than 0 1% of oxygen and a trace of argon 

A reasonably rapid method of liquefaction was desirable, for two 
liters of pure liquid had to be prepared for each day's run After 
passing through a reducer and a potassium hydroxide drier, the gas 
entered under pressure a copper coil immersed m liquid air The gas 
liquefied m the cell and passed out through a double-walled, evacuated, 
and silvered tube into a Dewar collecting bottle When pure oxy gen 
was liquefied by means of liquid containing nitrogen, the liquefied 
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oxygen usually came out colder than corresponded with its boiling 
point at atmospheric pressure, and it reached its equilibrium tempera¬ 
ture only after a considerable time Such liquid could give an errone¬ 
ous latent heat When, on the other hand, the oxygen was liquefied 
with liquid oxygen from a rectifying column, it of course always came 
out warmer, but nevertheless quickly reached its proper temperature 
because of the cooling produced by evaporation At any rate, before 
any liquid < ould be used it was equilibrated by the introduction of a 
heavy metal rod for a few minutes, thus inducing violent boiling 


Experimental Procedure 

Before each run the calorimeter had to be taken down, the bath 
filled with filtered liquid, the calorimeter set up again, and the meter 
adjusted After the start, usually not more than twenty minutes 
elapsed before the gas temperatures were in proper adjustment, the 
meter «atcr saturated with the gas, and general thermal equilibrium 
attained As a rule, a run at a particular flow lasted about forty 
minutes Dunng the interval periodic readings of current, voltage, 
temperatures, pressures, etc , were taken, at the same time, the meter 
remained connected to the chronograph record In the course of a 
run, the power fell slowly (not over 0 5% at the most) on account of 
the falling e m f of the batter} The other variables might also change 
shghtl}, but since the small variations of the factors were practically 
linear, and since these factors enter into the result to the first power, 
no error could be introduced by taking a mean value over the whole 
penod To show that no irregularities occurred by taking the mean, 
the latent heat was calculated on the basis of data recorded over five- 
minute periods for an hour The values thus obtained showed very 
little difference among themselves, and the mean of them all agreed 
with the total mean 

In order that the same general conditions of operation should exist 
for each rate of evaporation, several determinations at different rates 
were always made on the same day In this way, a more accurate 
idea of the manner of change of the apparent latent heat with rate 
could be acquired With pure substances, data for three or four rates 
m succession were recorded; but when mixtures were used, the longer 
time required to reach the correct speed of the screw, and the time 
consumed for analysis, left no opportunity to work at more than two 
rates per day 

In the case of mixtures, the composition of the liquid m the bath 
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changed by about 0 6% per hour as a result of heat leaking into it, 
this leak of course did not enter the calorimeter Thus, during a run 
of forty minutes the change m composition amounted to 0 4 % The 
average sample of the gas took account of this change, and the varia¬ 
tion of latent heat with composition is sufficiently small so that no 
error of consequence from this source was introduced 


Rksultb 

It appeared desirable to adopt one pure substance as a standard, 
first, to te* t over a number of months the constancy and reproduci¬ 
bility of the apparatus as a whole for the latent heat, and, second, to 
be able to test out doubtful points without introducing the compli¬ 
cations arising from composition Accordingly, the latent heat of 
oxygen was determined off and on for several months 
The formula used to calculate the latent heats from the observed 
data ie as follows 

/ Po \W Tmt _ W Tin t 

Latent heat = ( ) T TZT n " = 0 06504 - -rr-g — 

\J To) D N Pm UN Pm 

where 

Po = normal atmospheric pressure, 760 0 mm Hg 
J « electrical equnalent of heat, 1 calorie (15° C) — 4 184 watt- 
seconds 

To = the absolute temperature of the ice-point, 274 14° C 
W — the mean corrected power in international watts 
Tm = the mean absolute temperature of the gas m the meter 
t * the mean time in seconds per revolution of the meter 
D = the density of the gas passing through the meter, under normal 
conditions, corrected for gra\ity 

N = the number of liters of gas delivered per revolution of the meter 
Pm * the mean partial piessure of the gas in the meter 
Pm » (B + A/13 6 — w )y where 
B « the corrected barometric pressure, in mm Hg 
A * the excess of pressure in the meter over atmospheric expressed 
m mm of water 

v> ** the pressure of saturated water vapor m mm Hg at the 
temperature of the meter 

In deriving the above formula, we have assumed that the laws of 
perfect gases can be applied to the separate gases and to their mix¬ 
tures over the ordinary range of room temperature and of atmospheric 
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pressure The latent heats are given in calones (15° C) per gram 19 
The density for oxygen 16 under normal conditions has been taken as 
1 4289, and for nitrogen as 1 2507 Corrections have been applied 
for gravity The latent heat depends, of course, on the atmospheric 
pressure, but for ordinary fluctuations the effect is small The 
correction is practically the same for oxygen, nitrogen and mixtures 
It can be calculated from the vapor pressure curve 17 and from the 
variation of the latent heat with the temperature 18 The effect is 
0*0025 calorics per gram per ram Hg 



In tabulating the final data we will gi\e the itemized mean values 
for all the separate factors entering into the latent heat A\ the 
number of liters per revolution, can be obtained from Figure 4 by 
interpolation of t In Table TV are tabulated the final corrected data 
for oxygen Although the last place in the latent heat is very uncer- 


18 1 calorie (15* C) - 4 184 watt-seconds See WArmetabellen tier Phys 
Tech Reichsanstalt, by Holborn, Scheel, and Henmng 
15 Males et Gonealez, Comptes Rendus, 176, 6, 1921 
1? WArmetabellen, loc cit, p 82 
M H Alt, loc cit 
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tain, it has been thought best to include it The values for nitrogen 
are given in Table V * In Table VI we list the final observed values 
for the latent heats of mixtures of various compositions and at different 
rates of evaporation These results are plotted on Figure 6 


TABLE IV 


Thb Latent Heat of Vaporisation of Qxtqkn at 1 Atmosphere 


Latent 

0*1 haat 


Data 

no. 

w 

Pm 

Tm 

t 

15* CaL 

Nov 16 

VI 

8307 

745 9 

293 06 

92171 

50981 

1621 


10202 

7460 

293 33 

76 818 

50 954 



13 687 

7461 

293 64 

57 701 

50970 



19 145 

746 2 

293 86 

40956 

50967 

Doc 1 

VI 

8522 

740 7 

295 75 

90674 

31048 



10.219 

740 7 

296 02 

75 596 

51042 



13 635 

7411 

296 13 

56 661 

50 989 



19 948 

7415 

296 28 

38 772 

50 997 

Dec 3 

III 

8711 

738 2 

293 74 

88934 

50985 



10 164 

738 4 

293 80 

76 274 

50984 



13 482 

7386 

203.84 

57 581 

50 998 



19 813 

738 6 

293 86 

39 242 

51 032 

Dec 7 

III 

8 561 

740 5 

293 83 

91068 

51000 



10161 

740 7 

29300 

76 800 

51030 



10109 

7409 

293 17 

77 132 

51004 



13 348 

740 9 

2§3 31 

58427 

50 990 



19832 

7413 

293 44 

39 423 

51063 

Feb 13 

VI 

8188 

744 0 

293 07 

95 577 

51017 

1922 


11050 

745 3 

29313 

70960 

60 978 



14629 

746.5 

203 19 

53 774 

61029 

Feb Id 

VII 

8394 

7413 

292 97 

93 096 

51065 



11101 

7416 

293 08 

70.372 

51000 



16 175 

7421 

293 25 

48888 

51 021 






Mean Value 

51006 


As indicated before, we could by taking temperature measurements 
in the bulb and in the bath obtain the temperature-imposition 
diagram for oxygen-nitrogen mixtures at atmospheric pressure Un¬ 
fortunately, this was not done except for two mixtures, for it was 
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TABLE V 

The Latent Heat of Vaporization of Nitrogen at 1 Atmosphere 


Latent 

Cal heat 


Date 

no 

w 

Pm 

Tm 

i 

1A° Cal 

Oct* 3 

III 

10 073 

734 7 

293 12 

02 922 

47 704 

1921 


15 060 

734 3 

293 28 

42118 

47 707 

Jan 20 

VI 

7 860 

748 8 

293 83 

81806 

47 685 

1922 


10 532 

740 0 

293 08 

61 134 

47 709 



13 837 

749 3 

294 03 

40 578 

47 709 

Feb 23 

VI 

7900 

740 9 

29153 

81434 

47 813 



10904 

738.5 

291 87 

58 404 

47 787 



15 181 

737 7 

292 08 

42 204 

47181 

April 10 

\I 

7 901 

734 6 

293 48 

80 045 

47 711 



10 290 

734 2 

293 60 

01 427 

47 693 



14 379 

733 7 

293 74 

43 983 

47 720 






Mean Value 

47 737 


expet ted that the data would be secured from other sources to a higher 
degree of precision than could be readily obtained in our investigation 
The temperature readings in Table VII were made with copper- 
constantan couples of fine wire placed in calorimeter VI A single- 
junction couple, inserted in the central tube, had its junction in the 
liquid in the bulb, w lnle a double-junction couple, strapped to the 
outside of the calorimeter, gave the temperature of the bath While 
liquid oxygen ami liquid nitrogen were lunng c\ aporated in the calorim¬ 
eter, the couples were calibrated in pla<*e, in addition, the emf'sat 
the boiling point of water and at the traasition temperature of sodium 
sulphate were found For the boiling points of oxygen and nitrogen, 
we chose the latest \ulues determined at Leiden 19 AT signifies the 
vertical temperature difference between the two curves in the T 7 —a* 
diagram. Figure 3 For comparison we include the values determined 
by Baly 80 It is believed that our values are good — relatively at 
least — to 0 03° C That there are disagreements between these and 
Baly’s results is evident here and also in some preliminary work by 
the late Mr A K Dunbar on the oxygen-nitrogen equilibrium dia¬ 
gram m which departures in the same direction were found 


W Comm Leiden, 152, d P G Oath 
30 Baly, Phil Mag, 49, 517, 1900 
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TABLE VI 

The Latent Heat ok Vaporization of Liquid Oxygen-Nitrogen 
Mixtures at 1 Atmosphere 



Cal 





Comp % 

heat 

Dab) 

no 

w 

Pm 

Tm 

t 

oxygen 

IS* Cal 

Feb 21 

VI 

8400 

755 6 

293 46 

92 606 

80 25 

51 280 

1922 


11050 

754 9 

293 80 

70 376 

812 

51 254 



15 500 

754 8 

294 00 

50 223 

821 

51 237 

Feb 24 

VI 

8 063 

752 0 

292 63 

94 168 

67 0 

61007 



14 908 

752 5 

292 97 

51 032 

67 9 

50968 

Feb 25 

VI 

8187 

752 0 

292 60 

90 638 

54 9 

50 637 



10 880 

751 6 

292 68 

68 275 

55 0 

50 065 



14 825 

751 0 

292 86 

50 282 

561 

50 731 

Feb 27 

VI 

7 928 

743 5 

293 40 

90 708 

460 

50 346 



14 027 

743 8 

293 74 

48 307 

46 85 

50.352 

Feb 28 

VI 

7 997 

746 1 

203 34 

84 447 

18 85 

48 867 



14 104 

747 0 

293 43 

48 076 

19 4 

48 894 

Mar 6 

VI 

8 127 

747 4 

29310 

96 054 

92 5 

51 154 



14 874 

747 2 

293 47 

52 539 

92 8 

51 147 

Mar 22 

VI 

7 950 

7421 

292 56 

88 289 

34 6 

49 837 



14 374 

742 5 

292 97 

49 002 

35 4 

49 900 

Mar 27 

V U 

7 831 

751 1 

293 88 

94 508 

56 6 

50 710 



15 110 

750 0 

204 16" 

49171 

57 6 

50 773 

Mar 28 

VII 

8 341 

742 3 

203 80 

91344 

804 

51 156 



15 040 

7414 

294 32 

50 729 

81 1 

51212 




TABLE VII 






Temperature MEAHUHKMENr* 







Temperature of liquid °K 





OuUido 

In bulb 


AT 

CompoelUon 

Thw 


Him 


This 


% oxygon 


research 

Baly 

research 

Daly 

research 

Baly 

Pure oxygen 

9013 

90 96 

9013 

9096 

0 

0 

467 


81 10 

8136 

85 20 

85 32 

410 

396 

34 6 


79 96 

8012 

83 58 

83 68 

362 

366 

Pure nitrogen 

77 31 

77 54 

77 31 

77 54 

0 

0 
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Discussion of Results 

In any calorimetric experiment the problem of heat leaks and other 
thermal disturbances provides the chief source of difficulties and 
errors In this research we have first of all tried by design to avoid 
these troubles, in the second place, to make, os far as practicable, 
independent measurements of possible beat leaks, and, thirdly, to 
regard the final results — considered particularly as a function of the 
rate of evaporation — as entena of the absence of irregularities The 
first two factors have been previously considered As to the latter, 
the most thorough tests were made with liquid oxygen, and it was 
assumed and borne out by the results that the same conclusions held 
for nitrogen and mixtures If the extraneous influences such as con¬ 
duction, convection, radiation, superheating of liquid and vapor, and 
spattering and carrying of spray enter into the experiment, then it can 
bo shown that the manner of variation of the latent heat with the rate 
of e\ aporation should throw some light on the degree to which these 
influences enter In general, the curve will not be a straight line An 
examination of the final results discloses small \anations with flow m 
different directions, but with a tendency towards a minimum, in no 
case, ne*\ crtheless, is the difference between two results in a single run 
more than 0 15 % We conclude that the measurements show the 
effect on the a\erage to be less than the experimental error or less than 
01% To be able to judge accurately of the presence of disturbing 
factors, measurements of higher absolute precision than the magnitude 
of these are required For example, suppose that a constant leak of 
02% existed at the lowest flow, then by increasing the rate by 100 %, 
the observed latent heat would change only by 0 l % 

The average deviation of the mean of twenty-three determinations 
of the latent heat of oxygen is 0 025 calories per gram or 0 06% The 
average deviation from the mean of eleven determinations for nitrogen 
is 0 042 ealones per gram or 0 09 % From a large-scale drawing of 
Figure b, the deviations of the points from the curve have been esti¬ 
mated , the average amounts to about 0 03 ealones per gram or 0 06 % 
If we consider the precision and accuracy to which the separate 
factors involved in the latent heat have been measured, we can get an 
idea of the accuracy of the final results In Table VIII, the errors are 
estimated —with experience and calibrations as a basis—in per cent 
of the latent heat From this table we conclude that the results 
should be accurate in absolute measure to about 0 2%, and relative to 
themselves to about 0,1 % It is to be observed that a large amount of 
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TABLE VIII. 


ESTIMATION OF ERRORS 


Factor 

Accidental error 
or deviation 

w 

003% 

Tm 

003 

t 

0 01 

D 

0 01 

N 

005 

Pm 

0 015 


Heat leaks or other effects — 



005% 

0 03% 

005 

003 

002 

001 

002 

0015 

020 

010 

005 

002 

015 

010 


preliminary data has been taken, although not recorded here, which 
fully substantiates the final values 

What has been measured in this investigation is the difference m 
beat-contents (// = E + pv) between the liquid state of a mixture and 
the vapor state of the same composition vertically above it on the 
temperature-composition diagram If we knew the heat of mixture 
of the liquids, we should be able to determine the II — x diagram for 
liquids The heat-contents obtained in this investigation then allow 
us to get the H — x diagram for the vapors A knowledge of both of 
these curves and of tlieir difference seems to be fundamental in ascer¬ 
taining the numerous possible latent heats of a mixture 

Now, we can devise an hypothetical process which, starting from 
the initial state 1 (Fig 3), will finally lead to the state 1/, and since 
the change in heat-content is independent of the path, we can obtain a 
possible expression for the change in heat-content from 1 to 1' This 
circuitous path provides a clearer insight into the evaporation process 
and shows that we may be able to procure information other than the 
latent heat from the experiment 

The process is to be earned out in four main steps by means of an 
hypothetical thermodynamic engine, shown in Figure 7 Starting 
with the mam chamber filled with a mixture containing x moles of 
liquid oxygen and (1 — a:) moles of liquid nitrogen at the temperature 
T\ (Fig. 3), and, assuming that the semi-permeable membrane M x 
is permeable to liquid oxygen alone while the membrane M% is perme¬ 
able to nitrogen alone, the membranes are then pushed in, separating 
the oxygen and nitrogen This first step is to be performed lsotber- 
tnally at 7i, at the same time allowing the liquid oxygen to remain at 
its saturation pressure Pq$ corresponding to I*, and the nitrogen at 
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its saturation pressure P/v, corresponding to 7 T i Second! \, x moles of 
oxygen are c\aporated at T\ and Pq by removing the diaphragm at 
Di , pulling out the piston Pi, and adding the necessary heat Simi¬ 
larly, (1 — x) moles of liquid nitrogen are evaporated at T\ and P/v 
Thirdly, x moles of oxygen vapor are superheated m chamber Cu from 
T\ to T\ at Pd (Fig *J), and (1 — x) moles of nitrogen \apor are 
superheated from 7\ to Tv at P/v Finally the oxygen is compressed 
from pressure Po to atmospheric at Ty, and the nitrogen is expanded 
from P/v to atmospheric at ?\ Then the \alve l r is opened, and the 
gases are allowed to mix at 1 \, while the pressure is maintained at 
atmospheric 

The expressions for the change m heat-content for the mdntdual 
steps can lx* written down, hut all the terms cannot be evaluated 
bee ause of the lack of thermodynamic data 

I // =* E + pt dll » dE + p dv + v dp J*ill * Ai// 

"Then 

i° j*- T (lf) P } dp 

+ 0 ~ r) fp-x N | r " T {£r) p } dp ~ Q » 

The first two terms represent the “ work” terms measuring the heat- 
content required to bring the liquid components from atmospheric 
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pressure to slightly above atmospheric for nitrogen, and slightly below 
for oxygen, consequently these terms tend to cancel We will denote 
them by IT To evaluate them we need to know the equations of 
state for the liquids Qm represents the heat of mixture of x moles of 
liquid oxygen and (1 — x) moles of nitrogen at T\ Thus Ai// » 
W-Q m 

II p = constant, hence v dp = o, and ill = dE + p dt * dQ 

Denoting by Lq and Ln the latent heats of the individual components 
at 1\, we get 

A 2 II —JcIQ *= x Lq+ (l — x) L# 

HI. rf// - rfA + p dv * dQ - C p dT 

A, H - f dQ - , C„ dT + (1 - ,) /'■' C,.dT 

where Cp 0 and Cp n are the specific heats at. constant pressure of oxygen 
and nitrogen vapors respectively Since the specific heats at constant 
pressure do not vary rapidly with the temperature or pressure, they 
can be taken as constants over the range 7 1 ] to TV — which is not 
more than 5°C— and they can be assumed equal to their values at 
atmospheric pressure The largest step in heat-content is m step II, 
and since III does not amount to more than 2 % of II, the above 
approximations are justified 

A*// - * C P {Tv - Ti) + (1 - JT) Cn {T v - TO 

IV We get expressions similar to those in I 

\ d v 

+ ^-^fp^ N \ v - T (jj) p } d p+^ 

where q m is the heat of mixture of the vapors at TV As before, the 
the first two terms tend to cancel Denote them by w Then 
A iff ** w + g m For ideal gases A JI would vanish. 

The net change in heat-content for all the steps is 

A II * A iff + Aj/f + A zll + A* H 
A H « W + w — Q m + q m + x L 0 + (1 — a?) Ljf 
+ xC P {Tv - TO + (!-*) Cn {Tv - TO 
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Thus the sum of all these terms should be equal to the latent heat 
found m this investigation At the present time we cannot evaluate 
the first four terms To evaluate the remainder, it is obvious that we 
must know the temperature-composition diagram A preliminary 
calculation of these terms has been made using Baly’s data, and the 
best data that could be found for specific heats and the variation of 
latent heat with temperature, with the result that the calculated curve 
of latent heats falls not more than 0 1 % from the experimental curve. 
We can probably conclude that the sum of the first four terms in AH 
is of the order of 0 1 % Thus from the last equation we hav e a method 
of calculating from the individual latent heats and specific heats of 
the vapors the latent heats of the mixtures with an accuracy prob¬ 
ably at least as good as that of the experimental determinations on 
the mixtures 

The reason for the maximum in the latent heat curve. Figure 6, 
becomes evident on referring Imck to the previous discussion The 
latent heat terms ulone when plotted against composition form very 
roughly a straight line On adding the terms for the superheating of 
the vapor, the curve acquires a maximum Thus no peculiar physical 
significance is to be attached to this maximum, 


SUMMAKY 

A new calorimeter has been designed for the determination of the 
latent heats of vaporization at low temperatures of pure liquids and 
their binary mixtures The calonmetnr method adopted is the 
continuous flow method at constant pressure A latent heat has been 
defined and measured which involves the change in heat-content from 
the liquid state to the vapor state vertically above it on the vapor line 
in the temperature-composition diagram 

The latent heat of vaporization of liquid oxygen at one atmosphere 
lias been found to be 51 01 calories 21 (15° C) per gram, while that of 
liquid nitrogen has been determined as 47 74 colon® per gram In 
the following table (p 207) are given the values of the latent heats 
of the mixtures which were read from a smooth curve drawn through 
the experimental points 

The absolute accuracy of the results is estimated as not less than 
0.2 %, while the shape of the curve is believed to be good to 0.1 %. 


1 oakjne (15* C) assumed equal to 4184 international watt-seoo&ds. 
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TABLE IX 

Ten Latent Heat op Vaporisation op Liquid Oxygen-Nitrogen 
Mixtures at 1 Atmosphere, 


Far east oxygon 

Latent boot 

For oent oxygon 

Latent hoot 

0 

47 74 

55 

50 67 

5 

48 06 

60 

50 83 

10 

48 37 

65 

5097 

16 

4S68 

70 

5108 

20 

48 98 

75 

5117 

26 

40 28 

80 

5123 

30 

49 57 

85 

5123 

36 

4983 

90 

51 IS 

40 

50 07 

95 

5112 

45 

50 28 

100 

51 01 

50 

50 48 




A few observations on the temperature-composition diagram are 
also given With the aid of data on the individual latent heats and 
on the specific heats of the superheated vapors it is shown to be 
possible to calculate the latent heats of the mixtures, with probably a 
high accuracy 

I wish to take this opportunity to express my appreciation of the 
excellent conditions under which I have been able to perform this work 
m the Jefferson Physical Laboratory at Harvard University To 
Professor H N Davis I am indebted for a number of suggestions and 
for hw constant help and interest m facilitating the progress of the 
investigation Acknowledgment is also-made of an appropriation 
by the Research Corporation of New York from which a part of the 
expenses for tins research were paid 
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1. Reference to Previous Paper*— In a previous paper 1 I 
have described a method of producing sustained high-frequency electric 
and mechanical vibrations by a novel combination of a plate of 
piezoelectric crystal with a thermionic vacuum tube, and have shown 
how to employ the apparatus in the calibration ot wavemeters These 
vibrations are of extraordinary constancy as to frequency so that it 
has seemed desirable to apply the apparatus to other measurements 

The present account describes the precision measurement of the 
velocity of sound at high frequency, 

2 Preparation of the Plesoeleotrlc Crystal Plate.— Quartz 
was used as the piezoelectric substance A plate was cut from the 


£UCTRfC AXIS £ 


A 



Fionas 1 Orientation of axes in natural quarts crystal Method of 
sectioning 

natural crystal of quartz with the orientation suggested by P and J» 
Curie, 9 as is here shown m Figure 1. After the natural crystal had 


l G W* Pierce, Piezoelectric Crystal Resonators and Crystal Oscillators 
Applied to the meunon Calibration of Wavemeters. Proc Am. Acad of 
Arte and i®anoes, 99, No 4 09® (Reprints may be purchased from the 
librarian of the Academy, 28 Newbury Street, Boston, Massachusetts) 
s Pierre and Jacques Cune, Comptes Bendus, 91,388 (1880), also, Oeuvres 
de Pierre Cune, Paris, 1908 , 
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been trued up by crosswise cuts so as to form a prism with the hexag¬ 
onal ends ABCDEF and A'B'C' F', which are respectively per¬ 
pendicular to the natural edges AA', BB' of the crystal, a rectangular 
slab was obtained from the prism hy two parallel cuts P and Q, 
which are perpendicular to a natural face such as ABB'A' 

3. Mounting of Plato Between Electrodes.— The rectangular 
slab so obtained has three axes represented m the diagrams by arrows 
the optic axis 0 (parallel to the lengthwise natural edges of the crystal), 
the tlecinc atm E (parallel to two opposite natural faces of the crystal), 
and the third axis B (perpendicular to the optic axis and the electric 
axis) This slab is placed between two metal electrodes M* and 
as shown in Figure 2 The crystal may rest on M", while A/' may best 



be supported abo\e the crystal so as not quite to touch it This is 
done in order to leave the crystal free to execute mechanical vibrations, 
without too much restraint from the electrodes 

The manner of supporting the upper plate M f is shown m Figure 3 
M f is attached to an upper bakehte plate, which in turn is supported 
on columns attached to a lower bakeltte base Bolts, nuts and spiral 
springs, as shown, permit the adjustment of the clearance between M ' 
and the crystal slab In Figure 3, the axis B points toward or away 
from the observer 

Another method of mounting the crystal slab (which is here repre¬ 
sented as circular) is shown in Figure 4, m which the plates AT and Af" 
are in vertical planes, and the plate Af" is perforated with a hole about 
I cm in diameter, so as to permit the radiation of sound through this 
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bole. In this figure the plate M ,f is in the form of a spring damp and 
may rest upon the crystal with sufficient pressure to hold the crystal 
m place, or if desired, the pressure may be removed by the screw S 
and the crystal supported independently by u small shelf below 



Figure 3 Mounting of plate of crystal in clamp with adjustablejelec- 
trode distances This arrangement for emitting and receiving sound of 
frequency determined by dimension ui direction of axis B 


In Figure 4, the electric axis E points through the perforate electrode 
M ", while the axes B and 0 are in the plane of the crystal slab with 
orientation that is immaterial for the present purposes 



Figure 4 Side view and front view of crystal plate mounted m a verti¬ 
cal plane having a perforate electrode for emitting and receiving sound of 
frequency determined by thickness of plate in direction of electric axis E 

4. The Pitxoeleetrta Action — As to the action of the piezo¬ 
electric crystal, attention is called to the discovery of Cune that a 
difference of electrical potential of proper sign established between 
electrodes such as the plate M ' and M" (that is, an electric force of 
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proper sign established in the direction of the electric axis E of Fig 2) 
causes the piezoelectric quartz crystal to expand along the axis E and 
contract along the axis B No change occurs along the optic axis 0 
A reversal of the electric force causes a reversal of these expansions 
and contractions Curie also found that an expansion along E or 
contraction along B produced by an external mechanical pressure 
developed an electromotive force between the plates (l e, along E) 
opposite in sign to that which would produce the given expansion 
That is to say, an electric field along E produces distortion of the 
crystal m directions E and B, and a distortion so produced m these 
directions reacts to diminish the field along E In case of alternating 
forces the amplitude and phase of these effects depend upon the 
mechanical constants of the crystal and upon the frequency of the 
applied e m f 

Langevin 8 with great ingenuity showed how to use such a piezo¬ 
electric crystal body as a source of sound particularly in water, and 
Cady 4 made a thorough and beautiful investigation of the crystal 
oscillators and crystal resonators, and adapted them to use as con¬ 
stants of electrical frequency 

5 The Electric Circuits for Producing Sustained Vibrations. 

— In my work above cited I showed a simple form of connections of 
the crystal vibrator to a thermionic vacuum tube so as to produce sus¬ 
tained elec tncai and mechanical \ durations of the system with a period 
determined by- the dimensions of the slab of crystal and independent 
of the electrical constants of the circuit Cady had already described 
a means of doing tins by a different type of circuit, which is described 
in his paper alam? referred to in the Radio Institute Proceedings 
My circuit which for some purposes has certain advantages is illus¬ 
trated in Figure 5 The piezoelectric crystal vibrator marked 
'‘crystal'* has one of its electrodes connected to the plate P and the 
other electrode connected to the grid 0 of a thermionic vacuum tube, 
having a filament F lieuted by the battery marked “ A Bat ” The 
plate is supplied with current by the battery marked “B Bat ” A 
microammeter, A , and a telephone " Tel” shunted by a bypass con¬ 
denser C are included in the plate circuit The element marked 
“ load” in the figure was described in my original paper as a resistance 
of about 30,000 ohms or a large inductance, say 20 milhennes This 


* L&ngevm, Brit Pat Specifications, N 8,407, No 145,601 (1920). 

4 W G Cady, The Piezoelectric Resonator, Proc Inst Radio Engineers, 
10. 83 (1022) 
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system produces sustained electric oscillations in the circuit and 
mechanical oscillations of the crystal vibrator with a period of one 
mode of natural mechanical vibration of the crystal body This 
period in my original investigation was the mechanical period of 
compression and recovery of the crystal m its shortest dimension 
(which was along the electric axis) Such a system radiates sound in 
the direction of the eJectnc axis E 



Figuiuc f> The author’s tyjie of electric circuit best suited for crystal 
frequency determined by dimension E 


It is also possible to cause the system to oscillate with the penod 
determined by a larger dimension of the \ibrator (that is in the direc¬ 
tion of the axis B) 

To attain this vibration of longer period I find that the best circuit 
is that shown m Figure 6 which is similar to Figure 5 except that the 
crystal vibrator is connected between the grid and some point below 
the inductance, as for example, the positive end ot the B battery 
The telephones, or their equivalent, acting as a choke, and the bypass 
condenser shunting them, are, in this case, usually necessary to give 
the proper reaction to make the system oscillate This arrangement 
causes the crystal to vibrate with a period determined by the mecham- 
caHrequency of the crystal slab, expanding and contracting along the 
direction of the B axis, so that sound is radiated in this direction 
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Other types of piezoelectric oscillating circuits will be described 
elsewhere* 

6* Exploration of Sound Waves. — In Figures 5 and 6 is also 
shown a sound reflector which may be moved toward or away from the 
crystal so as to explore the standing sound waves No additional 
apparatus for detecting the sound is necessary, for the reflected sound warn 
falling on the emitting face of the crystal vibrator, eten trhen the reflector 
in some cases is at a distance of 300 half leaves of sound from the vibrator, 
reacts on the (rystal with sufficient force to cause the current in the militant* 
meter A to fluctuate visibly in accordance mth the phase of arrival of the 
reflected uare 



When a small dry-battery vacuum tube (UV 199) is used the normal 
current in A when the crystal is oscillating is about 0 5 milamperes and 
the fluctuations range from 10 milampere (or circuit stops oscillating) 
when the mirror is close to the crystal down to zero when the mirror 
is at infinite distance from the crystal To render the fluctuations 
more evident for precision measurements, a Weston microammeter, 
with one <h vision equal to 4 microamperes, is used at A and is shunted 
by a potentiometer and battery combination to make the normal 
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current through A small, say 10 divisions (40 microamperes) The 
fluctuations in the current m A , as the reflector is moved, may then 
amount to the whole additional scale, 90 divisions, when the reflector 
is 20 half wavelengths of sound away, and to about 25 divisions when 
the reflector is 100 half wavelengths away These magnitudes depend 
on the frequency and area of radiating face of the crystal The micro* 
ammeter gives a sharp maximum at each half wavelength of displace¬ 
ment of the reflector 

It is seen that the apparatus oscillates of itself with a highly constant 
fixed frequency determined by a mode of mechanical vibration of the 
crystal plate It thus produces sound waves and at the same time, 
by the strength of the plate current, determines the relative phase of 
the direct and reflected sound waves m air, so that the distance he- 



Figchb 7 Mounting of crystal and mirror with screw drive 


tween successive loops of the standing sound wave for a range of 100 
or more half wavelengths may be measured with great precision, by 
merely changing the distance between the reflector and the radiating 
face of the cry stal, and making proper readings These distances were 
changed by a calibrated precision screw, illustrated m Figure 7, by 
which the mirror could be moved about 50 centimeters and its position 
read with an accuracy of one one-thousandth of a millimeter, but such 
accuracy was not ordinarily required or attainable in the location of 
maxima A modification of the mounting is shown m Figure 8, in 
which the mirror and crystal are contained m a gas-tight box 

7, Example of Microammetsr Readings Plotted Against 
Gryital-to-Mirror Distance.— To show the nature of the observa¬ 
tions of the standing waves reference is made to Figure 9, which is a 
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plot of divisions of the uncroammeter m the plate circuit of the oscil¬ 
lator as ordinates, against the scale reading in millimeters of crystal- 
to-mirror distance Three half waves are plotted so that an idea may 
be had of the accuracy of location of the maxima In this particular 



Kigtthf 8 Crystal and mirror m brass box for containing gas 

experiment, in which the sound frequency was 9S183 cycles per second, 
the maxima could he located to better than 1/20 millimeter, and since 
the train of standing waves in this case was explored for 140 milli¬ 
meters, this degree of precision of locating the maxima gives the 



Figukh 9 Plot of readings of microammoter in plate circuit of pieso* 
electric oscillator against readings of position of reflecting mirror 
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wavelength to about 1/30 of one per cent In the case of some of 
the other frequencies a still greater degree of precision was attainable 

For the present purpose it was not necessary to make readings in 
sufficient number to plot the complete standing wave system It was 
only necessary to determine the positions of the mirror for maxima 
of the microammeter, and to locate accurately such of these positions 
as were to be used in the calculations Usually maxima at intervals 
of five, ten, or twenty half wavelengths were employed 

6. Method of Averaging Observations. — Suppose that we have 
set the reflecting mirror at a series of positions of maxima schematically 
represented as position# 0, 1,2, n, in Figure 10, and let the dis- 


h 

I 


Mf/?ws\-Or\~ar | 

PQS/TJON o / ^ . - - m m n 

Figure 10 Diagram used m discussion of method of averaging 

tances, which we shall call witreals, between successive atJjacmt 
position# be «i, oa, a n These intervals arc attempts to measure 
the same quantity x (say), and question arises os to the best method of 
averaging the intervals to get this quantity r If we merely take 

Ui + a* + + a n distance from 0 to n 

x « -we see that x = - # that is 

n n 

to say, this method of averaging, if employed, makes the result depend 
on the settings 0 and n alone and ignores all the intervening settings, 
which might as well not have been made This method of averaging 
is evidently not correct 

Assuming that the positions 0, I, v are all located with equal 
accuracy we maj obtain the propei method of averaging b\ regarding 
the distance between auj pair of positions, foi example, the position 2 
and position 8, as data for determining the fundamental interval, 
giving to this distance & weight proportional to its length (8—2*6) 
and eraging for all such pair* of positions, with due precaution to 
count every pair only once Starting with position 0 we have dis- 
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tances 0 to 1« «i, 2(0 to 2) * 2(ay+ (h)> etc Next starting with 
position 1, wc have (1 to 2) *» os, 2(1 to 3) «* 2(oa+ Os), etc These 
are eolleeted in TaWe I 


TABLE I, 

Weighted Distances for Determining Fundamental Interval. 


Startin a wnv Potman 

■ 

r • 

1 

2 

■ 

Oi 

2 (a* + at) 
3(ai+aa+a#) 


Of 

2 (a,+o,) 

3(o«+«»+“a4) 

o» 

2(arfa4) 

3(a*+ot+o») 

I 

n[oi+aa+ 

+<*nl 

(ft— iMat+ai-f -h«n] 

(ft—2 )[oj+ 04 +flf|l 

1 

Starting wrm Potman | 


n-8 

n—2 

m 


Q*-* 

JK^+Oa-i+a,,) 

“n-i 

2(o»_i+a») 

an 


The sum of all these quantities 2, say, is 

2 = [1+2 + 3+ + n][o 1 + o a + +a n ] 

+ [2 + 3+ +n — l][a3 + aa+ + o*-i] 

+ [3 + 4 + + n — 2] [a* + cu+ +o»-a] + etc. 

Now, as m Figure 10, putting 


b n * fli + fla+ 

* oa + 03+ 

and noting that 

(I + 2 + 3 + . + n) - 

(2 + 3+ +*-!) * 


+On» 

+ 0>n~U etc, 


(1 + n) ft 
2 ' 

(j+n) (ft—2) 


2 
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we obtain, after dividing out the common factor 


1 + n 
2 ’ 


S - n b n + (n—2) + (n—4) + 


This sum may be otherwise written m the form 

2 “ noi+ 2 (n—1) a»+ 3 (n—2) a t + 4*0 0 !, 


( 1 ) 

( 2 ) 


If now the fundamental interval is x, which a t , a*. a, are 

attempts to measure, the value of x may be obtained from (1) or (2) 
by dividing 2 by the sum of the coefficients of the o's, giving 

nbn + (w-2) 6.^ + («-4) fr„-4 + . 

** n + 2(n— 1) •+• 3(n—2) + +» ’ W 

or 

woi+ 2 (w—1) o» 4- 3 («—2) <!»+ _ +m. . . 

** w + 2 (n—1) + 3 («—2) + +M W 

Equation (3), or the alternative equation (4), given the weighted mean value 
of the quantity r, of which a it a* 9 are the observed values Equation 
(4) is the more convenient and is used below 

9. Temperature Reduction. — For con\ entente in reducing 
wa\elengths and velocities measured at temperature f C to the cor¬ 
responding values at 0° C , Table II has been compiled 


TABLE II 

Temperature Reduction Table. 

»*“ 9 t X0, where 9 - 1/ Vl + 0.00367* 


iD 

$ 

Tonpertture factor 

oi xditr 

Interpolation 

15 

0.97365 


16 

190 

-17 

17 

025 


16 

96857 


16 

692 

-16 5 

20 

527 


21 



22 

198 

— 16.5 

23 

086 


24 

.95875 


25 

713 

-161 

26 

553 
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10. Sample Set of Observations on Wavelength of Sound In 
Air. — Table III contains a sample set of measurements of the wave¬ 
length of sound in air at 205620 cycles per second With the mirror 
3 5 cm from the crystal a position of maximum deflection of the 
microammeter was noted The mirror was then moved twenty half 

TABLE III 

Run No. 144 Wavelength of Sound in Air. 

Frequency 208030 Cycles per Seoond. 

Steps 20 A/2, Humidity 66% 


Temp 
degrees 0 

Stop 

20X/2 

Weight 

Weight X etep 

22 8 

16812 

17 

28 580 


■m 

2 X 16 

53 776 


1 6832 

3 X 15 

75744 


16830 

4X 14 

94 248 


16767 

5X 13 


22 92 

1 6736 

ex 12 



16830 

7 X 11 

129 591 


16830 


134 640 


1 6761 

9 X 9 

135 764 


16962 

10 X 8 

135 696 

23 00 

16672 

11 X 7 

128 374 


16861 

12 X 6 

121390 


16814 

13 X 5 

109 298 


1 6730 

14 X 4 

93688 

2298 

16806 

15 X 3 

75 627 


16754 

16 X 2 

53 613 

22 90 

1 6829 

17 

28609 

22 92 


969 

2 - 1628 23 


1628 23 
969 X 10 


016803 cm 


Temperature factor - 0 96046 
A* - 016138 cm 
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wavelengths farther away This was found to be a displacement of 
1 6812 cm , which is recorded as the first value in the table The 
mirror was then displaced a second step of twenty half wavelengths, 
giving 1 6805, and so on for seventeen steps, encompassing a wave- 
tram of 340 half wavelengths Thus table thus epitomizes the explora¬ 
tion of a stationary wave system of 340 maxima Averaging results 
as in § 8 we obtain the wavelength as 0 16803 cm at 22 92° C, 
which reduced to 0° C gives X * 0 16138 cm 
The data of Table TTI are for a single run Five other similar runs 
were made at this frequency, and the complete set of values of wave¬ 
length at 0° C are recorded as Xo in Table IV 

TABLE IV 

Collection of Results of Wavelength and Velocity of Bound 
In Air at 0° C. 

Frequency 206620 oyoles per seoond. 


Humidity 
per cent 

Run 

no 

Xa 

cm 

Reulduul 

87 

141 

0 16146 

0 00015 

80 

142 

16118 

13 

7ft 

143A 

16115 

14 

86 

143B 

16137 

0 

i 

86 

144 

16138 

7 

84 

153 

16132 

1 

Mean 84 


016131 

000009 


X«- 016131 * 0 00003 
« - 331,69 * 0 06 at 0° C 


In the third column is the value of Xo for each of the six runs, having an 
average of Xo ■ 0 16131 cm In the fourth column are the residuals, 
which are the amounts by which the individual values differ from their 
mean The probable error of the mean E a computed by the approxi¬ 
mate formula 
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K„ « 0 6745 


me an residual 

^1 1 


where v «= number of separate values, is 0 00003 cm Multiplication of 
X 0 (reduced to meters) by the frequency gives for the velocity of sound 
at 0° 0 at this frequency, 205620 cycles per second, the \ alue 

v =» 331 69 =*= 0 06 meters per second 

This result was obtamed in free air without any enclosure aliout the gas 
The mean humidity during the sc\eral runs was 84 per cent 

In a, similar way other high frequencies were emploved For com¬ 
parison u determination of the velocity of sound in air at the audio 
frequencies 995 88 and 2987 6 cycles per second was also made 
For this purpose a novel method was employed, a description of 
winch follows 


FELT UNED BOX 
25*30*45cnk 


; ■|> V ’ PP| i | T r TTT 





— 

f—i 

■55 

SS 

BS 


scale sEsamar tube 


Fiqtjr^ 11 Apparatus for measuring velocity of low-frequencj sound 
S ~ magnetophone source, M » microphone detector 



11 Low-Frequency Sound Required a Special Method — The 

crystal oscillator method with crystals at hand could not be employed 
at frequencies below about 40000 cycles per second, so that for low 
frequencies resort was had to a resonance-tube method This method 
as ordinarily employed is inaccurate A modification was introduced 
that resulted in a considerable improvement This consisted in the 
use of a superimposed interference effect that gave a position of 
practical silence, or null point, m the middle of what would ordinarily 
be the sound maximum 

12. Mull Method. — A sketch of the apparatus for this purpose is 
given in Figure 11 A brass resonance tube 120 cm long and 4 cm. 
internal diameter, and provided with a piston and scale, was employed 
The source of sound was a magneto telephone at S, which was driven 
by a tuning fork of known frequency The source S, the mouth of the 
resonance tube, and a microphone receiver M were enclosed in a feta* 
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lined wooden box, and the distances between them were adjusted so 
that the sound direct from S to M just neutralized the sound /rom the 
tube to M when the sound emitted by the tube was a maximum This 
gave a fiduual point of silence in the middle of what would otherwise 
be a maximum and permitted very accurate settings with sound of 
frequency 995 88 cycles per second The microphone M communi¬ 
cated through a transformer with a head telephone receiver in which 
the observer listened By means of an electric filter in this circuit, 
the fundamental frequency of the sound (995 88 cycles per second) 
could be eliminated and settings could then be made on the harmonic 
of 3 X 995 88 « 2987 6 cycles per second, with which the settings were 
still more accurate 

13, Sample Sett of Low-Frequency Sound Measurements.— 

Table V contains a sample set of observations at 995 88 c>tles per 
second anah zed by the method of § 8 

TABLE V 


Bun Ho 67 In Air at 696.68 Cycles par Second. 


Temp 
degree C 

Setting 
at minima 
in cm 

Mann 

setting 

x/a 

tin 

Wt 

X/2 X wt 

21 7 

2032 






32 






33 

20 323 

17 274 

4 

69 006 


37 58 






60 






61 

37 697 

17 339 

6 

104034 


54 86 






96 






96 






96 

64 936 

17 307 

6 

103842 


72 26 






21 






26 

72 243 

17 190 

4 

68700 


8444 






47 






39 

86 433 






20 

346 732 


A/2 - 346 782 + 20 - 17 287 cm 
A ■* 34 573 cm. 

Temperature factor * 0 66260 
Xo - 33.276 cm 
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Other values o! this wavelength Xq are collected m Table VI, m which 
they are given weights proportional to the number of actual settings 
at each position of the piston 

TABLE VI 


Collection of Results for Frequency 996 88 Cycles per Second 


H untidily 
per cent 

Ron no 

Xo ran 

Weight 

Residual* 

30 

66A 

33 3W 

1 

0 019 

% 

66B 

332 W> 

l 

005 

30 

07 

35 270 

3 

044 

3 r > 

60 

33 520 

3 

011 

52 

72 

33 412 

5 

081 

62 

73 

33 328 

0 

003 

56 

74 

33 340 

0 

009 

Weighted mean 

33 332 


0 027 


Whence » - 331 94 * 0 07 m/sec. at 0° C Not corrected for effect of tube 

TABLE VII 

Collection of Results for Frequency 8987.6 Cycles per Seeond 


Humidity 
per cent 

Run no 

Xo cm 

Weight 

Residuals 

30 

flflC 

11 105 

2 

0007 

30 

67B 

u no 

l 

002 

35 

08A 

11 115 

6 

003 

35 

<»8B 

11 111 

3 

001 

Weighted mean 

11 112 


0003 


* - 331 98 * 0 03 m/sec at 0°C 
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The weighted mean value of velocity of sound in air at 0°C. (Table VI) 
obtained at this frequency is *331 94 meters per second with a probable 
error of 0 07 meters per second f unconrected for effects of the tube 
This apparatus proved to be especially accurate when applied to the 
measurement of the velocity of the harmonic frequency 2987 0, as is 
shown by the results in Table VII 

14. Dimensions of Crystal Vibrators.— Figure 12 gives a 
dimensional sketch of the different crystal vibrators employed The 



Fionas 12 Dimensions of crystals for different frequencies 


wavy line emerging from the nght-hand face of each crystal vibrator 
indicates the emitting surface and the direction of radiation of sound 
In each specimen the optical axis is vertical in the sketch and the 
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electnc axis is perpendicular to the paper for all except those of fre¬ 
quencies 610220, 1034060, and 1479900, in which the electnc axis is 
in the direction of sound radiation (to the right m the sketch) The 
frequency, designated h$ /, is marked on each vibrator The upper 
left-hand specimen was used for two different frequencies, which could 
be differentiated one from the other, and each employed at will, by 
throwing m or out a suitable condenser m shunt to the inductance 
marked "load” of Figure 6 This same vibrator was originally 
somewhat longer m the dimension running right and left in the sketch 
and then gavt the frequency 41009 ejtles per second After being 
used at this frequency it was ground down to give the frequencies 
indicated in the sketch 

Table VIII contains the frequencies of the several crystal vibratorB 
and also the dimension a (in direction right to left in sketch) This x 


TABLK VIII 

Relation of Frequency to Dimension x 


Asia of 
radiatKW 

* 

Determiumft 
dimension 
in cm 

cycle* 
per ««• 

J* 

B 

>7 

12071 

2J 98 X 10* 



5ww 

12 10 

B 

>ox 

50701 

>5 76 

n 


70118 

2580 

B 

2 01 

S86R5 

23 12 

B 

2 XX 

98181 

?R 29 

B j 

1 00 

205620 

20 50 

B 

0 40 

010220 

28 07 

E 

01S> 

1064060 

18 82 

E 

0160 

1170900 

2501 



Average 

25 14X10* 
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ib the dimension in the direction of propagation of the sound The 
product of / in cycles per second and x in rentimeteis is contained m 
the lost column The average of this product is about 25 X 10\ 
and this may be employed as a verv rough guide m cutting the crystal 
\ibrators for a required frequency 

After the crystals are cut the vibrators are ground with coarse ear* 
borundum powder and finished with fine carborundum, fine emery, 
and m the case of thin specimens with rouge, to such fineness of surface 
as may lx* required for efficient oscillation Repeated measurements 
of frequency during grinding enable a skillful operator to attain a 
desired frequency to better than 1/100 of I per cent, if standards of 
that precision are available 

15 Standards of Frequencies - This subject is treated in the 
previous paper 6 to w hieh reference is made for details A standard 
tuning fork, here designated fork “ 8/’ made b\ the Western Electric 
Coinpum, was used to opt rate electrically a high-speed siphon re¬ 
corder made by the General Radio Company, and was thus chrono- 
graphed four times for a period of 300 seconds each and once for a 
period of 2^0 seconds, and was found to have a frequency of 49 916 
at 18 2° C , with a probable error of 1 /400 of 1 per cent Immediately 
preceding and following this operation, the 20th hannonu of the fork 
was obsened to beat 2 44 times per second with a second fork, driven 
by a vacuum tube circuit, as shown in the previous paper This 
second fork, here designated fork “ P, M was thus found to have a 
frequent \ 

/f«k p * 20 X 49 916 - 2 44 - 995 88 * 002 

at 18° C 

Ne\t a standard piezoelectric crystal osnllatorperrnanently mounted 
was calibrated in terms of fork P, by the use of an electric oscillator 
and resonant-circuit w x\ emeter m mtermedian The wavemeter 
was calibrated by setting it to resonance with the electric oscillator 
when the latter mus at a beat zeio with the 6th to the 18th harmonic 
of fork P, and immediately thereafter the readings of the waveineter 
were again taken at resonance with the electric oscillator when each 
of the harmonics of the electric oscillator between the 25th and the 
58th was at beat zero with the standard piezoelectric crystal oscillator 
By careful interpolation this gave 

/m = 420710 * per cent 
* Fierce, Proc Am Acad of Arts and Sciences, 85, No 4 (1923) 
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This crystal oscillator will be known as No 713, which is approxi¬ 
mately its electric wavelength 

In terns of this crystal and its harmonics and multiples, the entire 
wavemeter was now carefully calibrated for the range of frequencies 
between 6000 and 6,000,000 

16 Measurement of Frequencies of Crystal Vibrators.— 

Immediately following or preceding the exploration of the sound 
wave system the frequency of each crystal vibrator was measured by 
one or more of the following methods 

I Harmonic Bracketing with Standard Crystal This consists of 
obtaining a wavemeter setting on an electric oscillator at beat zero 
with some harmonic of the unknown crystal X and then obtaining, 
on both sides of this wavemeter setting and as near to it as possible, 
a wavemeter setting on the electric oscillator at beat zero with some 
two harmonics of the standard crystal No 713 Interpolation gives 
the wavemeter correction and the value of the frequency of the 
unknown 

II Audio-Frequency Beats Intercompanson of crystal vibrators 
was made in some cases by measuring on an audio-frequency meter 
the beat frequency of the fundamental of one crystal with some 
harmonic of another crystal 

III Svjjrrhrtrrodyne Mrthod When the beat frequency of II was 
above audibility, a third osullatoi frequency could be made to beat 
with the rectified lieat frequency of the two crystals Measurement 
of the third frequency (which was a difference) could then be made with 
sufficient accuracy by the wavemeter 

IV Subhctrrodynr When the beat frequency of II was too low for 
audibility it could be made audible h} an oscillator beating with both 
crystals (say 1000 per second with one and 1002 per second with the 
other), then the lieatmg of the two audio frequencies with each other 
could be counted (as 2 l>eats per second) 

V Dircrt Check of Crystals against lumrty Fork P This is a 
method similar to that used in § 13 

These various methods will be designated in the tables of results. 
As an example of Method I an electric oscillator beating with the 
fundamental of a crystal X and two harmonics of the oscillator 
beating with crystal No 713 gave readings os in Table IX The funda¬ 
mental wavelength of No 713 is 713 08 meters, based on 3 X 10 1 
meters per second as the velocity of the waves, so that by regard¬ 
ing X of column three as approximately correct it is found that « 
of the fourth column is 5 and 14/3, as entered These last two 



VELOCITY OF SOUND. 


201 


numbers ore then multiplied by 713 08 and entered as Xoomot ter 
No 713 A comparison of columns three and five gives the correction 
increment* 03 and 09 entered asd for No 713 Interpolation between 
these gives 6 ** +08 for X, which added to the observed X gives 
Xoonwt *= 3380 6, for which the frequency is 88585 Note that the 
wavemeter calibration was in error less than 1/30 of 1 per cent in the 
range of Table VIII 

TABLE IX 


Determination of Frequency of Crystal X 


Crystal 

Gopdflowr 
division* of 
WM No 14 
Coil fc 

X 

Motor* by 
calibration 

n 

X correct 

■ 

/ 

Y 

10 400' 
10 410 
10 410 


1385 8 


338(i 6 

0 8 

88585 

7 13 

11 510' 
11 532 
11 630j 


35651 

5 

3365 4 

3 


713 

I-* «-* h* 

o o o 

8 SI 


3326 8 

14/3 

3327 7 

0 



17. Simultaneous Exploration and Frequency — In some 
cases two crystal vibrators were mounted one above the other on the 
sound-exploring apparatus, their two sound patterns explored simul¬ 
taneously! and the beat frequency between one of the vibrators and 
some harmonic of the other continuously observed by an audio¬ 
frequency meter This was a safeguard against possible changes in 
frequency or m the effects of temperature or composition of the air 

18. Negligible Change of Frequency of the Crystal Oscillator 
Due to Reaction of Reflected Sound. — The reflected sound 
changed the plate current of the piezoelectric oscillator The crystal 
of frequency 42071 was made to have this value so that its 10th 
harmonic would have the frequency of the standard crystal No ?13, 
which is 420710 It was found that by slight adjustment of die 
clearance of the electrodes of 42071 its 10th harmonic gave 1 4 beats 
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per second with No 713, when the sound reflector was adjusted at a 
position such that the plate ammeter of the oscillator was at a mini¬ 
mum When now the reflector was moved along the sound pattern 
m space until the ammeter deflection wus a maximum the beat fre¬ 
quency was 8 per second It thus appears that the effect of the mirror 
was a change of frequency of 6 0 cycles per second m 420710, or 0 60 
cycles per second in 42071, which is 1/700 of 1 per cent 

19 Negligible Effect of Humidity on the Velocity of Bound — 

According to standard tables 6 the density of air at 20 °V is about 
0 4 per cent less at 50 per cent humidity than for dry air at the same 
temperature If the moisture affected the velocity of sound only by 
changitig its density we should expect that the v clouts in air at 50 
per cent humidity would be al>out 0 2 per cent more than the v elocity m 
dry air On the contrary, I have not l>een able to detect any effect 
of humidity on the \elocity of sound, although the following careful 
measurements wire made In the metal Im>x shown in Figure 8 seven 
runs weio made with air dried by phosphorus pcnto\ide so that a 
In grometer read zero humidity and t se\ en similar runs were made with 
the an at 50 per cent humidity Tins was done at a frequency of 
08181 cycles per si condand gave for the wavelength reduced to 0° C 
the values m Table X The effect of humidity up to 50 per cent is 
seen to Ik* less than the probable error which is less than 1/100 of 1 
per cent 

It should l>e noted, however, that in this experiment m order to 
obtain dry an in the metallic sound chamber, it was found necessary 
to remove the felt lining, so that wc have not a sound pattern deter¬ 
mined Bold} by the distance from the crystal to the mirror The 
velocity of sound at 0° (\ calculated from the above wavelength 
values and the frequent \, comes out to be 331 56, whereas m open air 
or in a Ih>\ lined with non reflecting material the velocity at this 
frequence is found to lie 331 77 The absence of lining of the box 
thus makes in the* absolute value of the velocity an error of 1/15 of 
1 pei c*ent, but it is not believed that this could have any effect in 
making tin apparent velocity the same m dry air and in clamp air 

Many other experiments made in the course of this research have 
failed to disclose any effect of humidity and indicate that the effect 
of humidity up to 80 per cent on the high frequency' velocity of sound 
is Wow 1/50 of 1 per cent This is a novel result contrary to existing 
ideas. 


• Kaye and Laby. 
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TABLE X 

Bound Wavelength at 0° C at 98188 Cycles per Seoond for Dry 
Air and Moist Air. 


Dry air 

90% Humidity 

0 33750 cm 

O33780cio 

35771 

33700 

35777 

.33776 

33770 

53789 

33700 

33762 

33775 

33753 

53770 

53765 

| Average I 

| 0 33770 cm 

0 33769 cm | 

1 Probable error 1 

| 0 00001 cm 

0 00003cm | 
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30. Results on Velocity of Sound In Air at 0° C. — Table XI 
gives the results on air at 0° C All of these values except those at 
/ “ 995 88 and / - 2987 6 were obtained in free air without any con¬ 
tainer whatever 


TABLE XI 

Velocity of Sound In Air at 0* C 


Frequency 
cycles 
par second 

V 

Velocity 
molars 
per second 
at 0° C 

fey 


Method of 

determining frequency 

995 88* 

331 94* 

0 07 

002 

Fork P 

2987 6* 

331 98* 

03 

02 

Fork P 

41009 

332 45 

03 

07 

Beats with 205620 

42071 

332 37 

00 

01 

Bests with No 713 

50701 

332 47 

06 

07 

Beats with 205620 

56319 

332 32 

08 

07 

Bracketed by No 713 

70118 

331 98 

02 

02 

Bests with No 713 

88585 

33197 

.03 

05 

Bracketed by No 713 

98183 

331 77 

i 

07 

02 

Checked w Fork P 


331 67 

06 

07 

Bracketed by No 718 

1 

331 81 

07 

06 

Bracketed by No. 713 

1034060 

331 76 

03 

05 

Superheterodyne 

1479900 

331 64 

05 

0*1 

Bracketed by No 713 


* Measured in a resonance tube and unoorrootad for the diameter of the tube. 

These results are plotted in Figure 13. 

21. Effect of Frequency on the Velocity of Bound in Air — 

For the present omitting from consideration the two values at / « 996* 
and / = 2988 which were measured in a tube, and for which there 
may be an uncertain tube correction, we see that between / « 50000 
and / - 100000 the velocity falLs from v ** 332 47 m/sec to e ■* 
331 78 m/scc, which is a decrease of 1/5 of 1 per cent The velocity 
falls further to « — 331 87 at/ ® 200000, then seems to rise again to 
t> * 331 81 m/set at/ = 600000, and thence to fall to e *= 331 64 at 
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/ « 1500000 It is to be noted, however, that m the range from 
/ 100000 to/ = 1500000 the straight broken line departs from the 

observed values by a maximum of about 1 /40 of 1 per cent or 0 09 
m/flee, which is about the probable error of observations The actual 
existence of the maximum at / * 000000 may, therefore, be ques¬ 
tioned 



Fiquke 13 Velocity of sound in air at 0° C Plotted against frequency 

22 Precautions In Measurements.— To make sure that the 
frequencies and experimental conditions did not vary between ob¬ 
servations, one set of measurements of velocity at / = 50701 and 
/ m 205620 was made with the two crystals mounted one above the 
other so that their sound patterns could be explored simultaneously 
Each of the crystals was provided with its own vacuum tube, load 
inductance, and imcroammeter The two load inductances were 
placed in inductive relation to each other so that m a telephone in 
circuit with the crystal / * 50701 beats could be heard between the 
harmonic/ * 4 X 50701 of one crystal and the fundamental/ ** 205620 
of the other These beats, measured on a special bridge-type of audio¬ 
frequency meter, remained between 2835 and 2837 cycles per second 
so that, if the indicated frequencies are correct, we should have 

4 X 50701 + 2836- 205620 
l e 205640 « 205620 
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which >s in agreement to within 1/100 of 1 percent While this 
agreement of frequent y was being maintained, the sound wavelength 
measurements gave Xo = 0 b5 r >V> cm at / = 50701, and Xo — 0 16129 
cm at / — 205017, whence the caleulated velocities of sound at0°C 
are 332 37 m/stc at / = 50701 and 331 64 m/sec at / « 205617 
These values show that the higher frequency gives the lower velocity 
by an amount tonsiderabh greater than the errors of observations 
Tilt* results at this frequenc\ in Table XI contain tins run averaged 
with certain others not made simultaneously 

Another precaution consisted in the interspersing ot readings at one 
fi pqui n( t \ with those of another so that gradual changes or improve¬ 
ments of methods should not introduce differences in the results 

23 Effort to Extend the Observations to Higher Frequencies. 

— With a crystal vibrator giving 3,01)0,000 oscillations per second, 
effort was made to obtain the velocity of sound in air, but no reactive 
effect could be obtained by moving the reflector Either the crystal 
was insensitive to na<tion, or, what is moie probable m view of the 
results for CO* (see § 25), the air wan opaque to thest frequencies of 
three million cy cles per second 

24 Concerning Previous Measurements of Sound Velocity 
at High Frequencies — The onlv previous measurements of the 
velocity of sound at high frequencies were by E Dieckmann 7 m 1908 
by tlie use of a Poulsen Arc as soum, a transmission grating for dis¬ 
persion, and a suspended vane for detector Frequencies were meas¬ 
ured by a wavenieter The medium was illuminating gas, m which 
Dieckmann obtained a velocity of 45b m/see independent of fre¬ 
quency between/ = 78000 and/ = 780000 cycles per second, but the 
method employed was not capable of high precision 

25. Measurement of the Velocity of Sound in CO* at High 
Frequencies. — The metallic container illustrated in Figure 8 was 
lined with cotton wool and after long flushing with CO* gas from a 
commercial cylinder of liquid COs, the velocity of sound was measured 
foi three frequencies with the results given m Table XII The water 
vapor present, which is the chief impurity m commercial COj, repre¬ 
sented a humidity of 50 per cent at 20° C 


7 E Dieckmann, Ann der Phys , 27, 1066 (1908) 
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TABLE XII 

Velocity of Sound in CO* (Commercial) at 0° C. 


Frequency 
cycles 
pur second 

Velocity 
molara 
per seuond 

mo°c 

Probable error 
In motor* 
per second 

42071 

258 82 

0 08 

081M 

258 04 

H) 

205020* 

200 15 

2i 

1034060 

opaque 



* Highly absorbed 


These results are. plotted in Figure 14, and show an increase of veloc¬ 
ity with increasing frequency from v *» 2.58 8 a if — 42000 to 260 2 at 
/ = 206000 This work with COs is incomplete mid further measure¬ 
ments are in progress In addition to the relatneh large change of 
velocity with frequency tins experiment with ('O.revealed also a \er\ 
large absorption at the higher frequencies, as is discussed in the next 
section 



Fionas 14. Velocity of sound in CO* at 0 D C Plotted against frequency 

26. Absorption of High-Frequency Bound by CO*,— At 
/ * 1034060, COs was found to be practically opaque. No reaction 
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by the reflected wave could be observed even when the minor was 
almost in contact with the crystal At / " 205620 the absorption 
was very great, as the following data show Figure 15 is a plot of divi¬ 
sions deflection of the imcroamineter of the plate circuit of crystal 
/ «• 205620 against cryatal-to-rairror distance m CO*, at 22.7° C 
The distance is in millimeters uncorrectod for a slight error of the screw 
It is seen that the deflection in going from the maximum at 4 mm dis¬ 
tance to the minimum at 4 4 mm distance drops from 9 2 divisions to 
3 5 divisions, representing an amplitude of reaction by the reflected 
sound equivalent to 5 7 mieroainmeter divisions 



4 5 6 7 8 5/0 

M/a /METERS FROM SOURCE TO M/RROR MCOg 


Fioube 15. Stationary wave system in CO*. 

Immediately after these readings were taken, the CX)* was removed 
from the sound box (of Fig 8) and air substituted It was then found 
that with air m the box the reaction due to the reflected wave gave 
an amplitude of deflection of 10 milhamxneter divisions when the 
cryHtal-to-mirror distance was 204 mm , which was the greatest dis¬ 
tance that the dimensions of the apparatus would permit We thus 
have the result that the double transmission through 4 mm of CQg 
diminishes the sound intensity at / “ 205620 more than the double 
transmission through 204 mm of air Ix*t us note that the width up 
and down of the radiating crystal was 6 2 mm (see Fig 12) so that 
in the case of the COa. where the mirror was only 4 mm from the 
crystal, the departure from a plane wave condition was very small 
and all the diminution of amplitude was due to nontransmission by 
the gas, while m the case of the air the mirror was so fa* from the 
crystal (204 min ) that the effect of the depaiture from a plane wave 
would be marked, and the diminution of amplitude would be due to 
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absorption and to divergence as well Thus the absorption of sound 
at this frequency / » 205620 in C0 3 is more than 80 times and may be 
several hundred times as gieat as that of air 

At / « 08183 a similar experiment shows that 17 mm of CQs re¬ 
duces the reflected intensity as much as 68 mm of air, making the 
abaci ption of COa at least 4 times that of air Further experimental 
work needs to be done on this subject 

87. Concerning Effect of Box Enclosing Gas in Modifying 

Standing Wave System. — It was pointed out m § 19 that the sound 
box of Figure 8 when not lined with absorbing material, although the 
box is enormous compared with the wavelength of the sound, reduced 
the apparent velocity of sound by 0 b per cent at / » 98183 On the 
other hand with the box lined with cotton wool 3 cm thick, the velocity 
at / * 205620 measured m air in the box was found to be 331 70 m/sec„ 
which within the limit of error checks the value 331 77 of Table XI 
in free air at this frequence In making absolute measurements the 
lining of the box is important and should be studied Cotton was used 
rather than hair felt, as it was thought to be less hvgroscopic, but a 
careful comparison of different materials has not been made Inci¬ 
dentally glass wool in considerable thickness was found to be trans¬ 
parent to high-frequency sound 

88. Discussion of Velocity of 8ound In Air at Low Frequency 

— The duect design of the present research to measure the stationary 
wave system of sound in free air could not be employed, with the 
crystal oscillators at hand, at frequencies below / ~ 40000 Resort 
was had to a resonance tube method, but, although consistent and 
accurate readings were obtained, the uncertainty of the tube correc¬ 
tion to be applied makes it advisable to refer buefly to results obtained 
by others 

Work of T C Hebb By an ingenious attempt at direct measure¬ 
ment of die wave system m the free an of a large room, T C. Hebb * 
in 1905 obtained v * 331 29 at / “ 2377 

Explosion and String (Galvanometer Registration By this method 
E Esdangon* in France m 1917-18, and v \ngerer and Ladenburg 10 
in Germany in 1916*18 at sufficiently great distances from the source 
obtained respectively v = 330 9 ami v ** 330 78 as the velocity of 
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sound m dry air at 0° C I find m a paper by McAdie 11 a reference to a 
result by D C Miller of the value of v — 330 8, but I have not found 
any publication by Professor Miller of this value If this were also 
obtained by the same* method of explosion and galvanometer registra¬ 
tion , we have good evidence for the correctness of 330 8 m/see as the 
speed of explosive waves of low intensity 
Resonmu Tube Method The well-known methods using the 
rcsonatue tubes give a measured wavelength dependent on the 
diameter of the tube Helmholtz taking account of viscosity, and 
Kirehlioff introduimg also the effect of the communication of heat to 
the walls of the tube, both derived the equation 



in which 

/ «= frequency, 

v = velocity in free air, 

if— a “ a pipe of diameter d, 

c =*= a constant 

Verv discordant rt suits exist as to the applicability of this formula 
and as to tin value of the alleged constant c If we assume that mv 
two measurements m tilt tube at f - 905 88 and / = 2987 6 are both 
exact, and that equation (5) is conect, and that the velocity is the 
same at both frequencies, we may eliminate and obtain 

v = 332 04 m/see at / *= 996 and / *= 2988 

This result is larger than that obtained by other experimenters by a 
somewhat similar uw of equation (5), for example Stevens 1 * who in 
1902 obtained v = 331 32 and recently GrUneisen and Merkel 18 at 
the Reich sans talt who obtained» « 331 57, by, however, neglecting all 
of the observ ations at frequenocs l>eIow/ = 3480, which would have 
given, if kept, a much larger average velocity In fact their values 
between / = 1390 and / » 2780 would have given v =* 331 98 if these 
frequencies had been kept and treated as their remaining data were 


U Annals of the Observatory of Harvard College, 86,107 (1923) 
13 Ann der Phye, 7, 285 (1902) 

U Ibid , 66, 293 (1921) 
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29. Conclusions Regarding Low-Frequency Velocity — We 

may hence conclude that the velo<nt\ of cxpluttm watts of small 
intensity as registered by galvanometer deflections is 330 S m/sec and 
that the low-frequency velocity meaMiml b> standing waves is prob¬ 
ably between 331 20 and 332 1 meters per second The uncertainty 
surrounding this last \alue leaves the beginnings of the curve of 
Figure 13 in doubt* but it seems probable that the dotted line between 
/ » 0 and f *= 40000 represents the rea 1 course of tin curve 

30. Summary — T \ simple method is described for (a) pro¬ 
ducing high frequency sound of constant pitch, (b) detecting the 
interference 1 lietween direct and reflected waves by the reactive 
response at the source, (c) exploring the sound pattern, and (d) mter- 
checkmg the frequencies employed 

II A null method of measuring the audio-frequency velocity of 
sound m resonance tulies is eleven bed 

III The velocity of sound in free an an<l COj has been determined 
for a range* of frequencies between 40000 and 1500000 cycles per 
second for an and between 400000 and 205000 cycles per second for 
CCh A hitherto undetected change* of velocity with frequency lias 
been discovered, as shown m Figure 13 and Figure 14 

IV Large absorption in CO> for frequencies above 205000 cycles 
per second is shown 

V The effect of humidity of the atmosphere on velocity of sound 
is found to be negligible at high frequencies 

31 Theoretical Significance — ltjs hoped that additional data 
may be collected and that at some later date the entire theoretical 
significance of the results may appear In the meanwhile the initial 
increase of the velocity of sound with increase of frequency may be 
looked upon as due to heat conduction by the gas In other words, 
the expansion and compression is not adiabatic for frequencies below 
50000 cycles per second for air and below 205000 cycles pel second for 
CQa With increase of frequency up to these limits the motion be¬ 
comes more nearly adiabatic with a resulting increase of velocity 

In the case of COs absorption seems to stop the observations while 
the curve of velocity against frequency is still rising, but to make sure 
of this values at frequencies between / * 100000 and / « 200000 
should be obtained The high absorption m CO® f if carefully studied, 
should be of great significance 

In the ca9e of air the frequency of maximum velocity is about 
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50000 cycles per second and at frequencies higher than this the reduc¬ 
tion of velocity may be due to an approach of the period of the sound 
to the time between collisions of the molecules or atoms of the gas. 
The existence of two maxima for air (if that at / — 600000 is real) 
may in some way be associated with the two principal ingredients of 
the air 

Cruft Laboratory, Harvard University, 

Cambridge, Massachusetts 
June, 1024 
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Introduction 

Thf importance of a knowledge of the physical properties of single 
crystals of the metals requires no argument Verv little is known of 
the subject, however Until within a few years, practically all that 
we had was a determination of the three elastic constants of a natural 
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crystal of copper, and of its electrical resistance and thermal con- 
ductmtj at low temperatures, and questionable data on the thermal 
< \pansion and electrical properties of bismuth Reoenth the metal¬ 
lurgists have studied the properties of single crystals particularly 
with regard to plastu flow alien stressed beyond the elastic hunt, in 
order to be tic r understand the behauor of crystalline uggiegates 
when stressed beyond the elastic limit, and we now ha\t a rather 
complete knowledge of the phenomena of flow' in single crxstals of 
aluminum, zinc, und tin 1 Ylithin a \ear, and after a good part of 
this present urvcstigution was cnmplettd, Gruneisen and Goons’ ha\e 
published data for the elastic constants, thermal expansion, and 
electrical resistance of single cr\ stals of zinc and cadmium tt llh the 
except ion of the single cnstal of copper, this seems to bt the first 
knowledge of the detailed elastic constants of any metal, as dis¬ 
tinguished from the a \ erage constants gi\ en by an isotropic aggregate 
Sexeral vears preciously I had found \ery great differences of tin 
linear compressibility of a number of metals in different dimtions, 
but had not sufhc lent data for the detailed constants 8 

Ihi netd of a detailed study of the properties of single crystals is 
greatest in those metuls which do not cr\stalhze m the cubic s\ stem, 
because mun> of the properties of a cubic crystal arc the same in all 
directions, and therefore will l e the same for a single crystal as for 
an isotropic agregate, of which we already have sufficient knowledge 
\mong such properties ure the linear compressibility thermal ex¬ 
pansion, electrical resistance, and thermal comhicti\it> Three 
elastic constants arc required tor the crystal, however, ugainst two 
for the aggregate 

In this paper I lia\e studied particularly the more readily ol tam¬ 
able non-tubic metals, namely antimony, bismuth, and tellurium, 
(trigonal), cadmium anti zme, (hexagonal), and tin (tetragonal) 
Also, because I was fortunate enough to obtain a fine single cnstal 
o' tungsten, J have determined < ertain of its properties The proper¬ 
ties of these metals which I ha\e examined are as follows (1) Ther¬ 
mal Expansion In all of the cases ahove, except tungsten, two 
constants are sufficient to determine the thermal expansion These 
are the constants which gne the expansion akmg an axis of three-, 
four-, or six-fold symmetry, and the expansion in every direction at 
right angles to such an axis They may most easily be determined by 
measuring the linear expansion of rods cut along one or the other of 
these directions The expansion determined m the following is for 
a small range of temperature on both sides of room temperature 
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(2) Electrical Resistance The symmetry relations of electrical re¬ 
sistance are like those of thermal expansion, and the requisite con¬ 
stants may also be determined by measurements on samples lying 
along the axis or at right angles to it I have determined the specific 
resistance for the necessury directions, the temperature coefficient of 
resistance between 0° and 100° C as a function of direction, and the 
effect of hydrostatic pressures up to 12000 kg/cm 2 between 0° and 
100° C on resistance in different directions (3) Elastic Constants 
These are much more complicated than thermal expansion or re¬ 
sistance The trigonal metals have six constants, the tetragonal six, 
and the hexagonal five 1 have determined these constants by 
measurements of the elastic deformation of properly oriented speci¬ 
mens, and have in addition measured the linear compressibility in 
two directions to 12000 kg, which gives information about the be- 
hav lor under pressure of certain combinations of the elastic constants 
and in particular gi\es the cubic compressibility It is sufficient to 
measure the linear compressibility in only two directions, as is the 
ruse for resistance and thermal expansion 

The chief difficulty which has prevented the measurement of 
crystal properties of metals in the past is doubtless that of preparing 
single crystals of sufficient size In this paper I first descril>e in 
detail the method by which the specimens were prepared (I ha>e 
already sketched this method in general outline*), then the general 
methods of making the various sorts of measurements and then the 
detailed data for the individual metals 

Method of Growing Large Single Crystals 

The general method is that of slow solidification from the rnelt 
A tubular electric furnace, m a vertical position, is maintained at a 
temperature above the melting point of the metal in question The 
metal in the molten condition m a suitable mold of glass or quart? 
tubing is slowly lowered through the bottom of the furnace into the 
air of the room or into a cooling bath of oil Solidification thus starts 
at the bottom of the tube and proceeds slowly along its axis, keeping 
pace with the lowering If the lowering is at a speed less than the 
velocity of crystallization and also slow enough so that the latent 
heat of solidification may be dissipated by conduction, then the metal 
will usually crystallize as one grain, provided that only one nucleus 
started in the tube at the bottom The final casting has of course the 
cylindrical shape of the mold, not the geometrical form characteristic 
of the crystalline system of the metal 
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It iS) possibly, surprising that this method works for all of the metals 
of the list, because several of them are known to have polymorphic 
transitions between the melting point and room temperature (tin 
and antimony) It is evident that on passing through a transition 
point the same process repeats itself that took place at the melting 
point 

In applying this method m practise there are various details to 
attend to The most difficult and important is to secure the formation 
of onlj one gram at the bottom end This is not always absolutely 
necessary, and m much of my early work 1 took no special precautions 
in this direction and obtamed suitable single crystals after cutting off 
the bottom ends of the castings The reason is that one orientation 
of the grains is usually much more favorable for growth than others, 
so that even if a number of grains start at the bottom, that grain will 
eventually win through which is most favorably situated The most 
favorable orientation is in almost all cases with the plane of easiest 



1' tuiTttt, 1 The mold used in producing large single cr\ stain 


cleavage or slip parallel to the axis of the casting This does not fix 
the orientation of the gram uniquely, since tins plane of cleavage may 
have any orientation within 180° about the axis of the casting, so 
that a number of grains may start all equally well situated for growth, 
these grains will then persist throughout the entire length of the 
casting To ensure, therefore, a reasonably high percentage of success, 
one must depend on something more positive than mere chance to 
ensure the formation of only one original grain I tried a number 
of schemes with varying success The best is to draw the lower part 
of the mold out into a separate chamber, separated from the main 
part by a capillary 0 1 mm or so in diameter, as shown in Figure 1. 
The capillary acts as a filter, allowing only one of the several grams 
which may have formed initially in the lower bulb to get through into 
the main part of the mold Even this will not always ensure success, 
because if the grain which gets through the filter is particularly un¬ 
favorably situated for growth, a more favorably oriented gram is 
likely to make its appearance spontaneously at some later stage To 
avoid this occurrence as much as possible, one may make the lower 
chamber fairly long, so that the formation of the most favorably 
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situated gram may have as much chance as possible to take place 
below the filter instead of above it 
After the proper starting of the crystal, precautions must still be 
taken to prevent the appearance of new nuclei, but these precautions 
are comparatively easy The most important is freedom from dirt 
Specks of dirt clinging to the side of the glass are likely to start new 
grains The most likely dirt is small particles of oxide, it is practically 

impossible to melt a piece of metal which has once solidified and come 
m contact with the air without the appearance of specks of oxide, even 
if the melting is performed m vacuum In order to obtain the molten 
metal clean, I usually melted the metal m an ante-chamber liefore the 
mold proper, separated from the mold by a narrow capillary, which 
acts as a filter to remove solid dirt Figure 1 will suggest the general 
method of procedure The metal in sufficient quantity is first placed 
in the ante-chamber A through the open mouth of the mold, which is 
then drawn down at the top end B and a glass tube attached by which 
connections may be made with rubber tubing to vacuum The mold 
is now placed in the furnace, the chamber A projecting beyond the 
upper end of the furnace, the mold is evacuated through if by a 
rotary oil pump with which it remains in connection, and the furnace 
is brought to temperature The furnace with the mold in it is then 
brought to a horizontal position by rotating about a suitable axis on 
which it is mounted, so that now the ante-chamber with the unmelted 
metal projects in a horizontal position from the furnace The metal 
is now melted by an auxiliary gas flame, and raised to a temperature 
somewhat above that of the furnace By tipping the furnace, the 
metal is washed back and forth in A This is an important operation, 
because in this way large quantises of occluded gas may be eliminated, 
which otherwise separate during solidification and give an imperfect 
casting Some metals are much worse than others in this respect, 
bismuth particularly is bad, and it may be necessary to manipulate 
the molten metal for an hour or more before all the gas bubbles have 
disappeared After getting nd of the gas, the furnace is rotated back 
to the vertical position, and the metal allowed to filter through into 
the mold, admitting air to the antechamber to hasten the filtering 
It is well to choose such a quantity of metal that it finally stands a 
little above the passage from A to C, thus keeping any oxide on the 
upper surface and out of the final mold The glass tube at B is sealed 
off, to prevent further access of air and continued oxidation Solidi¬ 
fication is now started by lowering the mold 
In addition to the complete removal of dirt, the chance formation 
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of now grams 19 hindered bv a proper design of the mold, a too obtuse 
taper above the lower capillary may start new grams, probably 
because the temperature dews not change uniformly at such a taper 
The proper speed of lowering depends ver> much on the metal and 
the* size of the mold In general, the speeds appropriate to this 
method are ver> much less than those used in drawing wires out of 
the surface of molten metal, as would he expected because of the action 
of the glass walls in restraining the attainment of temperature equi¬ 
librium In general, for castings as large as 2 2 cm in diameter, 
which I ha\e made a number of times and which were the largest 
allowed b\ the dimensions of the furnace, a speed as low as 4 mm an 
hour is desirable, while for small castings I have used speeds up to 
60 cm per hour It is in general true that it does no harm to err on 
the side of too great slowness, but this does not seem to lie true for 
bismuth and tellurium, for which there is doubtless a rather definite 
optimum speed for any given diameter and external conditions 
It u, important that air drafts be kept from the emerging mold, as 
otherwise new centers of solidification may be started To avoid 
drafts the mold may be lowered into a pipe closed at the bottom end, 
w ith its upper end tightly pressed against the lower end of the furnace 
If cooling in an oil bath is preferable to cooling in the sk, as it is for 
cadmium, the pipe may be filled with oil, and a drip supplied at the 
upper end to remove the oil displaced by the emerging mold 
The removal of the final casting from the mold is important If the 
glass and metal are perfectly clean, the metal will stick and cannot 
be got out To avoid this the tube must first be greased A con¬ 
venient way to do this is to flush the tube with a hcav$ mineral oil 
(Nujol) and then to wash this out with several fillings of petroleum 
ether, finally heating the tube in an inverted position with a gas flame, 
working from the top down, driving the film of oil before the flame 
It will be found that a sufficient amount of oil clings to the glass to 
prevent the metal from sticking, but it is otherwise imperceptible in 
amount The metal may be removed from the mold by cracking 
off the glass between the jaws of a vice, having first thoroughly 
scratched the outside of the glass with a diamond, or better, if greater 
precaution is necessary, by scratching, and then very rapidly heating 
the outside of the glass locally in a fine oxy-gas flame, and {dunging 
the tube into water, repeating until the glass is completely cracked 
off In any event, the removal from the mold must be made with 
ver> great care for the soft metals, of which cadmium is the softest 
of the al ove list 
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P> rex glass was used far all the metals above, except antimony, 
which melts at a temperature aho\e that at which pyrex will stand a 
vacuum For antimony I first used quartz, and I have to express my 
great obligation to Mr E R Berry of the Research Laboratory of the 
General Electric Co at Lynn for providing me with the quartz, but 
1 later found that a Scotch combustion tubing is sufficiently rigid at 
the melting temperature, although considerable care is necessary in 
its manipulation 

The temperature of the furnace is not a matter of much importance, 
as would be expected with the slow rates of lowering used here In 
order to avoid difficultly from a too fine adjustment of temperature, 
I usually operated 50° or 100° above the melting temperature The 
furnace was run from a rotary transformer attached to the municipal 
power line Under the particular conditions of this laboratory this 
pro\ ed to be much more constant than any storage batterv available 
No regulation, other than the initial regulation by rheostats, was 
attempted Slow fluctuations of temperature are not of much im¬ 
portance, and rapid changes ate eliminated by the thermal inertia of 
the furnace 

The lowering was by electric motor , wwking through worm wheels 
and various gears to give the range of speed desirable Detailed de¬ 
scription of this part of the apparatus is not necessary 

Contrary to my expectations, it turned out that for many purposes 
castings of small diameter are better than large ones In fact it is to 
be emphasized that in most of this single crystal work the specimen 
should be brought to the final form with as little mechanical work done 
on it as possible, the reason of course being the extreme plasticity of some 
of these metals, and the extreme buttleness of others In making 
castings smaller than the maximum allowed by the furnace, various 
devices were adopted for casting a number at a time, thus saving 
time Rods 6 mm in diameter were cast four at a time in tubes 
sealed to the bottom of the ante-chamber, each 6 mm tube having its 
ow r n bulb and filtering capillary at the lower end Rods 2 5 mm in 
diameter were cast sometimes in groups of 25 or more, each individual 
tube being provided with its own bulb and capillary filter at the lower 
end, the group of 25 tubes being mounted within a single large con¬ 
taining tube and filled barometer-wise in an inverted position Devices 
of this sort will readily suggest themselves The difficulty with small 
diameter castings is in getting rid of occluded gas, which may, if not 
removed, sometimes segregate itself m bubbles large enough to cut 
entirely across the diameter of the tul>e 
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Incidentally, this method of production of crystals achieves one 
very desirable end in that it automatically purifies the metal, those 
impurities which depress the freezing point segregating themselves in 
the upper end of the casting Professor Saunders was kind enough 
to make some spectroscopic examinations, and he always found the 
lower end of the casting purer than the upper end Considerable 
quantities of impurity may be eliminated in this way, as I found by 
intentionally udding an impurity of lead to tin The high values of 
the temperature coefficients of resistance of the metals used here and 
their low specific resistances are evidence of their unusually high 
purity 

The principal particular in which this method requires further 
development is in some precise method of control of the orientation 
of the casting No ]H>sitive control was attempted in this work, but a 
large number of castings were made, and those were selected which 
most nearly satisfied the requirements It has been already men¬ 
tioned that the favorite method of growth is with the principal 
cleavage plane parallel to the axis of the casting This orientation 
was \ery exactly attained in a number of instances, in the larger 
castings of antimony, for example, no specimens were found which 
were oriented in any other way More oblique incidences are favored 
by small diameter of the casting and by rapid cooling, so that some 
degree of control is possible in making a large number of castings, 
but I have no method of control over any particular individual It 
would doubtless be possible to attain such a control by inoculating 
with a piece previously crystallized selected to have the proper ori¬ 
entation, but with the particular forms of apparatus which I used no 
simple method of doing this presented itself, and it seemed simpler 
to make a large number of castings and choose the best 

Having made the casting, it is necessary to determine whether it 
is really a single gram, and if it is, what is the orientation with regard 
to it of the crystallographic axes This is almost as difficult as the 
production of the single crystal itself, and many attempts were made 
to find a simple and rapid method Of course X-ray analysis would 
give the information desired, but this is prohibitively long and com¬ 
plicated The method finally adopted was the simplest possible, and 
consists merely in an examination of the appearance of the casting 
in a bright beam of parallel light The surface of the casting as it 
comes from the mold is covered with microscopic or sub-microscopic 
pits whose sides are the plane faces of the natural crystal, the pits thus 
constituting negative crystals These plane faces reflect the light 
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regularly in definite directions If the casting is a single grain the 
entire surface will flash into illumination simultaneously at particular 
orientations as it is rotated in a beam of light, whereas if there is 
more than one grain, the different grains flash out separately The 
appearance is much like that of the separate grams of an etched metal 
under a high power microscope To make this analysis, it is for some 
metals necessary to examine the casting immediately after removing 
the glass, as otherwise the surface becomes tarnished Etching a 
tarnished surface will sometimes restore the possibility of the de¬ 
tection of the individual grams, but the original cast surface is always 
far preferable 

The location of the crystallographic axes may most easily be made 
b> means of the reflection pattern By determining all the positions 
of regular reflection, the surfaces of the negative crystals are deter¬ 
mined, and so from crystallographic data the axes may be found 
The method used in locating the positions of regulai reflection is a 
ver,v simple one, for the general idea of which I am indebted to Dr 
Langmuir The source of light is most simply a nitrogen filled lamp 
in the ceiling of a high studded and partially darkened room The 
crystal rod whose axes are to he located is threaded through a wooden 
sphere, to which it is attached by the light friction of & roll of paper, 
or by a touch of wax The rod is now held in the hands at arm's length 
toward the floor and rotated until a regular reflection flashes out 
The orientation with respect to the beam of light is nov, marked on 
the sphere by the following device A piece of plane mirroi, the 
back of which is smeared with a little printer’s mk, is held in one 
hand, the other maintaining the rod m the position of regular re¬ 
flection, and the mirror rotated until the source of light is also visible 
in it The mirror is now touched lightly to the sphere, the ink on the 
back side marking the position 

From the complete reflection pattern, determined in this way, the 
location of the axes may at once be found m terms of known crystal¬ 
lographic data The details of this pattern will be given under the 
description of the individual metals The only caution necessary 
in connection with the method is to avoid marking positions due to 
double reflections Such double reflections can at once be identified, 
if one Is on the lookout for them, because they are not confined to a 
single direction, but occupy a two dimensional locus I owe this 
suggestion to Dr I C Gardner 

Before this final method of location of the axes was adopted, a 
number of other methods were tried, some of which have interest for 
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their own sakes For example, much information may be obtained 
from the manner of mechanical deformation Hie impression made 
bv a steel sphere, as in the Bnnell test, is not round, but shows the 
characteristic symmetry of the crystal Tin shows a four sided im¬ 
pression, and bismuth a three sided By studying enough of these 
impressions, on differently oriented surfaces, the axes may be located 
The depth of the depression also vanes on different faces Another 
dcformational method, better in some respects, is to make the de¬ 
pression with a chisel edge loaded with a fixed weight The width of 
the depression varies charactenstieally with the orientation of the 
edge, as well as with the orientation of the surface which receives the 
impression The flow figures throw n up by the chisel edge at the ends 
of the impression furthermore yield a good deal of information I 
lia\e also tried determining the \anations of scratch hardness, both 
on different surfaces, and in different directions on the same surface 
This method also may doubtless be made to yield the necessary in¬ 
formation, but it is more complicated, and gives reproducible results 
less easily Since it has been a matter of controversy, however, I 
may record that I have found perfectly measurable and comparatively 
large differences of scratch hardness on the same crystal face, and ulso 
distinct differences between different crystal faces 

A more rapid method of examination, sufficient for many purposes, 
is to cut from the crystal a short cylinder, true the flat faces, and 
compress to plastic flow between polished steel plates The manner 
of flow w r ill show whether there is one grain, and will also locate the 
plane of easiest slip, which is usually perpendicular to the principal 
axis, and is all the identification of direction necessary for resistance 
or thermal expansion measurements, or for many measurements of 
the elastic constants. 

If the metal shows easy cleavage, as do zinc, bismuth, antimony, 
and tellurium, the simplest method is to first check the existence of 
only one gram by the optical method, and then to locate the plane of 
easiest cleavage by chipping the corners of the castings The planes 
of easiest cleavage give the axis of 6 or 3 fold symmetry If it is 
necessary to locate more definitely the other axes, the secondary 
cleavages may be employed 

The optical method is, however, obviously immensely superior to 
any of the deformational methods alone, for not only is it rapid and 
does it give the complete crystallographic orientation, but it does not 
involve the destruction of any r part of the specimen 
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Methods of Measurement and Computation 

Thermal Expansion The specimens to be measured were usually 
in the form of cylinders approximately 2 5 cm long and G mm in 
diameter These were mounted in a steel apparatus, and the tem¬ 
perature of the apparatus and the specimen were changed together, 
so that effectively the difference of expansion between the steel and 
the specimen was measured The differential expansion was deter¬ 
mined by means of an optical lever The mirror was mounted on a 
knife edge arrangement with an effective length of about 0 4 mm , and 
the scale was placed at a distance of 4 m , thus giving a magnification 
of 20,000 The telescope was placed close to the mirror, instead of 
near the scale as usual, thus doubling the size of the image and making 
very much easier its location 

The temperature was controlled by means of water baths, rapidly 
stirred The specimen in the steel holder was attached to a heavy 
steel bracket, and the water bath was so arranged that it could be 
raised from below in a few seconds into position about the specimen 
The dimensions of the apparatus were small, and the stirring was 
rapid, so that temperature equilibrium was attained in less than three 
minutes after adjusting the bath Two baths were used, one five 
degrees above and one five degrees below room temperature The 
measurements consisted of a number of readings with the two bathH 
alternately at as short intervals as allowed by the equilibrium re¬ 
quirement No thermostatic regulation was attempted, but the 
temperature of the bath was recorded corresponding to each measure¬ 
ment The mean of a number of such readings gave the data for the 
calculation of thermal expansion There was a perceptible drift in 
the readings due to changes of room temperature. The effect of this 
may be made to disappear from the average by taking an odd number 
of readings and operating at regular time intervals In an> event, 
the effect of drift is comparatively small 

It was necessary to design the apparatus with some care m order 
to avoid error from unequal expansion in that part of the supporting 
bracket which projects through the surface of the water This was 
attained by so mounting the mirror that the only motion trans¬ 
mitted to it through the surface of the water was the rotation of the 
shaft attached to the knife edges, which were below the surface of the 
water, the shaft leaving the surface of the water at right angles A 
previous attempt to mount the knife edge above the water was a 
complete failure 
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In using the apparatus it is necessary to know both the magnification 
of the optical lever, and the absolute thermal expansion of the steel of 
which the holder is composed, which enters by difference into the final 
result 

The dimensions of the knife edge mounting for the mirror were de¬ 
termined by producing a known amount of motion with a micrometer 
screw attached to a vernier head, and measuring the motion of the 
scale It was very nearly the same arrangement &9 I have used pre¬ 
viously in calibrating the lever of the linear compressibility apparatus, 
and the results were gratifyingly regular. The relation between 
motion of the lever and scale deflection is linear within the range of 
angles used with a maximum departure of any single reading of not 
more than 1/4000, which is good considering the high magnification 

Having determined the optical magnification, the thermal expansion 
of the steel envelope may be found by measuring the apparent thermal 
expansion of a single known substance Fused quartz was chosen 
for this purpose because of its very low absolute expansion, and there¬ 
fore the presumably high percentage accuracy of a result into which 
this quantity would enter by difference The linear expansion as¬ 
sumed for the quartz was 5 7 X 10The expansion found in this 
way for the steel lies in the conventional range of values for ordinary 
mild steel given in tables of constants 

The calibrating data are now all at hand, so that from the apparent 
expansion of any of the crystal specimens the absolute expansion may 
be calculated No attempt was made to obtain readings at more 
than two temperatures, so that any variation of thermal expansion 
from constancy cannot be detected by these measurements 

In the following the usual notation is adopted for the thermal 
expansion an is the linear expansion parallel to the six-, three-, or 
four-fold axis, and is the linear expansion m any direction at right 
angles 

Electrical Resistance The specific resistance was determined m 
several ways, some involving cutting specimens from a larger crystal 
in definite orientations, but the simplest, and the one most often 
used, involved merely the measurement of the resistance of a long 
cylindrical casting, the length being so great compared with the 
cross section that any deviation of the lines of flow from uniformity 
and rectihnearity could be disregarded. The disadvantage of this 
last simple method is that the orientation of any single specimen 
cannot be controlled, but a considerable number of specimens must 
be used of as wide a range of orientation as may be obtained, and then 
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by plotting all the results against the orientation the moBt probable 
resistance for the axial and the perpendicular direction may be ob¬ 
tained It is a further disadvantage that the natural castings are 
not always geometrically perfect, error from this effect is not im¬ 
portant, however. The great advantage of the method is that the 
specimens have been subject to no machining, so that one may be 
confident that there has been no alteration of the original crystal 
structure. 

Hie resistance of the unmachined cast rods was determined by a 
potentiometer method, and in fact the same electrical measuring ap¬ 
paratus was used which I have previously described and used for de¬ 
termining the effect of pressure on the resistance of specimens of 
small absolute resistance. For many of the measurements the two 
current connections and the two potential connections were mounted 
together in a frame with an arrangement so that the whole specimen 
could be slid along beneath them, thus exploring the length of the 
specimen for uniformity The dimensions could be measured with 
sufficient accuracy with a micrometer. 

The measurements of the effect of pressute on the resistance of rods 
of different orientations was made by methods previously used and 
already sufficiently described 4 The current and potential terminals 
were in most cases attached to the specimen by soldermg, the ratio 
of length to diameter being sufficient so that no error was introduced 
by end effects 

In addition to these measurements on natural castings, two methods 
were attempted for measuring the resistance of machined specimens, 
which perhaps have sufficient interest to warrant some description 
The first of these methods employed a cylindrical specimen, about 1 
cm long and 3 mm. in diameter, turned accurately cylindrical with 
%t ends The specimen was soldered with low melting solder at 
the two ends between two cylindrical copper rods of the same diam¬ 
eter, the whole being carefully made so that there were no irregu¬ 
larities in the external surface Current was passed in and out at the 
two ends of the copper, and the potential drop over the middle 2 mm. 
of the specimen was taken off with needle points pressed against it 
If the specimen is machined so as to lie along the crystallographic 
axis, or at right angles to it, the lines of current flow are straight, and 
the measurements give immediately the specific resistance. When 
mounted in a rapidly stirred bath of kerosene to avoid thermal cur¬ 
rents, this method id capable of considerable precision, but the dif¬ 
ficulty arising from the necessity of careful machining and the ac- 
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companymg danger of damage to the crystal structure did not justify 
its extended use, and it was m fact used only with tin and Bine 
The second method attempted to measure the resistance of a 
massive specimen, on which it was necessar> to machine only a single 
dat surface of the order of 1 cm in diameter The method consists 
in pressing against the surface four needle points mounted in the same 
straight line at fixed distances apart, using the two extreme needles 
as current terminals and the two inner points for potential terminals. 
The points must'be close together (extreme points 6 mm. apart in 
the fonn used) and the specimen large enough so that the flow is 
essentially that m a semi-infinite solid The mathematics involved 
in the use of the method has some interest, and gives a result some¬ 
what paradoxical at first sight The apparent resistance measured in 
this way is greatest for that orientation of the four points which lies 
along the direction of least specific resistance. If /?*, R vt Jfi# are the 
apparent resistances when the line of points is directed along the x, 
y> and x axes (using surfaces of different orientations if necessary), then 
the specific resistance along the z-axis is given by 
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with analogous formulas for the other directions. If the axis of 
rotational symmetry lies in the surface, measurements on a single 
surface suffice 

If the flow is two dimensional (thin sheet) instead of three dimen¬ 
sional, it may be shown that the apparent resistance is independent 
of the orientation of the four points, no matter how great the variation 
of specific resistance m different directions The analysis for the 
two dimensional case has been used in another paper* in connection 
with measurements of the effect of tension on resistance Hie three 
dimensional analysis is mathematically similar, and it is not necessary 
to give the details here 

An apparatus was constructed an this principle, and measurements 
with it verified the mathematics, and gave values for the specific 
resistance agreeing m general with those found by other methods. It 
appeared, however, that crystalline disorientation due to machining 
is a particularly important source of error here, as may be expected 
from the small dimensions of the apparatus ami the tact that the 
current is thereby confined to the immediate vicinity of the surface 
The method was applied to bismuth, cadmium, sine, and tin. In all 
cases the machining mint be done with extreme care, and since one 
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cannot be sure of the result unless verified by other methods, I 
abandoned it as a serious method of crystal measurement It would 
seem, however, that the method may have uses with other metals 
whose crystal structure is les9 likely to damage, on occasions when it 
would be convenient to obtain the specific resistance of a massive 
specimen of an isotropic metal merely by pressing four points against 
it and measuring a potential drop 

The resistances obtained by any of the above methods usually 
require to be reduced to values of more immediate significance Thus 
m measuring the resistance of long cast rods we obtain the Specific 
resistance in directions which are inclined to the principal axis We 
need to know the connection between the resistance in an> direction 
and the two principal resistances along the axis of rotational sym¬ 
metry and any perpendicular axis In measuring the effect of pressure 
on resistance, we measure with terminals fixed to the specimen, which 
undergoes deformations under pressure The coefficients obtained 
under these conditions we call the coefficient of “ measured ” re¬ 
sistance We desire to find from the coefficient of “ measured ” 
resistance the pressure coefficient of “ specific ” resistance, that is, 
the effect of pressure on the resistance of a piece of metal of invariable 
Bhape The same remarks apply to the temperature coefficient of 
resistance We ordinarily determine the " measured ” temperature 
coefficient, we require to find the u specific 99 temperature coefficient 
Finally, in comparing the results found here for single crystals with 
those of other observers for aggregates of crystals we must know 
how to find the resistance of a haphazard aggregate in terms of the 
principal resistances of the individual crystals 

We denote by pu the specific resistance parallel to the axis of three-, 
four-, or six-fold symmetry (which will always be taken as the z axis), 
and by p A the specific resistance perpendicular to that axis We 
further shall always denote by 0 the angle between an) specified 
direction and the z axis 

Voigt* has shown that the resistance m any direction in terms of 
the principal resistances is given by 

P» * pu cos* 6 + px sm* 0 A 

He has also obtained the relation between the resistance of a haphazard 
aggregate and that of the individual grains 
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Next consider the connection between the temperature coefficient 
of specific resistance in any direction and the temperature coefficient 
of specific resistance along the axes Denote by p®(<) the specific 
resistance at temperature t in direction 0, and by ft the temperature 
coefficient of specific resistance m the direction 8 Then by definition 
of temperature coefficient we have 

Pe(0 “ Pi(0) [1 + ftf] 


By relation A we have 

Po(i) = pn(0 cos 2 8 + pi(t) sin* 8 
and p*(0) ** pn(0) cos* 8 + p A (0) sm* 8 

Also pu(f) " pu(0) [1 + put], 

Px(0 - Pi(0)[l + ftf] 

Substituting now these four relations into the preceding equation 
gives 

Pn(0)fti cos* 8 + pi(0)ft sm* 8 
# p,»(0) cos* 8 + p x (0) sm* 8 

The relation between the temperature coefficients of resistance in 
different directions is therefore more complicated than that between 
the specific resistances themselves An examination of the derivative 
shows that between 8 « 0° and 8 « 90° ft either continually in¬ 
creases or continually decreases Its rate of change vanishes at 
8 ** 0° and is a maximum at some intermediate point not m general 
at 45°. 

It is obvious that exactly the same analysis and the same equation 
C applies, replacing by y, the pressure coefficient of resistance 

We now have to consider the connection between the coefficients 
of measured and specific resistance We discuss first the pressure 
coefficient There are two sorts of deformation under pressure to 
consider, that due to change of length and cross section of the rods, 
and that due to change of angle between the rod and the z axis Con¬ 
sider a rod originally of unit length inclined at 8 to the z axis Under 
a uniform hydrostatic pressure p the projections of the rod along 
x and is, which were originally sm 8 and cos 8 become sin 8 [1 — 
y(sn + sit + Su)] and cos 8[1 — p(2s« + #,*)] respectively (See 
the following section on elastic constants if the notation is unfamiliar ) 
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We find from this that for unit pressure the decrease of length 
is 

— y * cob* a(2*» + *„) + sin* 0(«n + *», + *n) 


But the decrease of volume is 


AV 

V 


2(«ii + Si* + 2 *h) + 


Now the cross section decreases by — 




Hence due to 


change of dimensions only, the resistance would increase by 

K AV Al\ A/1 

t-tJ-t]' 0 ' 


2*n cos* 6 + 2*i, cos* 6 + 2* t , sm* 6 + *„(1 — 2 cos* 6) D 


For those metals whose resistance decreases under pressure, the 
pressure coefficient of measured resistance is to be increased numeri¬ 
cally by D m order to obtain the pressure coefficient of specific re¬ 
sistance, and conversely with those metals whose resistance increases 
under pressure 

Now consider the correction arising from change of angle By 
taking the ratio of the projections of the rod above we find that under 
unit pressure the angle 0 changes by 


A6 

Now we have 
Whence 

and substituting, 


■ sin 6 cos 8[*u + «„ —tu —*ij. 

P* ■» 0u cos* 6 + pi sin* 0. 

Ap, * 2 sin 0 cos 6[pi — pu]A6, 


Ap, - 2(pi — p„) sin* 0 cos* 0[*u + #*» — *«—«„] E. 


The resistance changes by this amount because of change of angle, 
we correct for it by subtracting Ap« from the measured change of re¬ 
sistance In general, the correction E is much smaller than D, and 
is usually just on the edge of the negligible 
Analysis similar to the above applies to the temperature coefficient, 
replacing «u + *>, + in by — «u, and 2*„ + by —• «n We thus 

find that 


2«, cos* 0 + «n(l — 2 cos* 0) 


F. 
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is to be added to the measured temperature coefficient of resistance 
to correct for the change of dimensions, and 

- am f 0 cos a 0 [g n — a J (J 

P* 

to correct for the change of angle, the result obtained after applying 
the correction being the temperature coefficient of specific resistance 
in the direction 6 

Experimentally the procedure is usually as follows The specific 
resistance is measured in a number of directions, and a curve passed 
through the points by equation A, from w Inch the best \alues of pu 
and pi are obtained The temperature (or pressure) coefficient of 
resistance is now measured for two different directions as close as 
possible to the two axes, and from these results by equations F and G 
(or D and E) the specific coefficient found in the two directions 
These results are now substituted into equations of the type C, gn ing 
two equations for calculating the two unknowns 0 u and 0 L (or 7 n 
and yi) 

We may find from formula B that the temperature coefficient of 
specific resistance of a haphazard aggregate is connected w ith that 
of the grains by the relation 



with of course a similar formula for the pressure coefficient 
This analysis suggests an interesting possibility with regard to 
determining the change of the elastic constants under high pressures. 
By measuring the linear compressibilities we obtain + * u + *u 
and 2«u + *u as functions of pressure Suppose now we measure 
the effect of pressure on the resistance of rods of four orientations, 
two of them along the axes The linear compressibilities enable us 
to correct the measured coefficients along the axes to specific co¬ 
efficients Formula C now enables us to calculate the specific 
coefficients for the two other directions But these may also be 
calculated in terms of the measured coefficients m those directions and 
the combination of constants 2(*u+*u)—*«» and 2$ x% + s u Com* 
panson of the two results gives the values under pressure of the last 
two combinations of constants. One is already known from the linear 
compressibility, and therefore can be used only as a check, but we 
have in all, three relations from which the behavior under pressure of 
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Bn, sat and Bn + Bn may be found Probably in practise the accuracy 
demanded m the measurements would be very high 
Elastic Constants The linear compressibilities were measured by 

methods already described and applied to a large number of cubic 
metals 8 The identical apparatus was used In general the speci¬ 
mens were machined from a large casting to have a diameter of the 
order of 6 mm and a length of 2 5 cm* The proportions are such 
that there is comparatively little danger of damaging the crystal 
structure to any depth if the machining is carefully done The rough 
rods were usually cut from the large casting with a jeweller's saw bv 
hand, and the machining was done in a jeweller’s lathe, run at a high 
speed and taking a very fine chip In some cases it was necessary, 
in order to attain the requisite length, to build up the specimen of 
two pieces, placed end to end The same sort of procedure has already 

been used for other metals, and introduces no error in measurements 
of this sort, although it does certainly introduce error into other sorts 
of measurement, as Young’s modulus by a compression method, for 
example These measurements of linear compressibility are sus¬ 
ceptible of a relatively high degree of accuracy, much greater than 
the measurements of any of the other elastic constants One reason, 
of course, lfrthat an elastic limit does not exist for hydrostatic pressure, 
so that a comparatively large deformation may be produced by high 
pressures It is a matter of experiment that the relation between 
deformation and pressure is linear over so wide a range of pressure 
that a real increase of accuracy is obtained in this way There is 
furthermore a very simple check on the linear compressibility meas¬ 
urements m that the sum of the three linear compressibilities in three 
mutually perpendicular directions should agree with the cubic com¬ 
pressibility as determined by other methods 
The symmetry of the linear compressibility is the same as that of 
electrical resistance or thermal expansion, so that only two specimens 
are necessary, directed along and at right angles to the principal 
crystallographic axes Other specimens oriented in different direc¬ 
tions would merely give a check on measurements already made 
In discussing further the methods of determining all the elastic 
constants, it will pay to have before us the detailed relations between 
stress and strain for the various crystal systems measured here 
For the hexagonal system (sine and cadmium) there are five con¬ 
stants, and the relation between stress and strain, using the familiar 
notation of Voigt is 
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For the trigonal system (bismuth, antimony, and tellurium) there 
are six constants, and the relation between stress and strain is 
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The z axis is here the axis of six-, three-, or four-fold symmetry. 
The x and y axes, at right angles to the z axis, are determined m a 
way which will be further specified when necessary under the de¬ 
scription of the individual metals 
Physically the constants fall into three different groups We may 
call the “rectangular" constants those whose subscripts are any 
combination of the numbers 1, 2, 3 These constants give the 
strains of elongation produced by stresses which act normally to 
their planes The “shearing" constants are those whose sub¬ 
scripts are combinations of the numbers 4, 5, 6 Physically they 
determine the shearing strains produced by shearing stresses (stresses 
acting tangentially to their planes) The "cross" constants are 
the remaining ones, whose subscripts are chosen one from the group 
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1, 2, 3, and one from the group 4, 5, 6 These constants determine 
the elongation produced by shearing stresses, or the shearing strains 
produced by normal tractions There is only one of these cross 
constants in the group of metals above, namely *u of the trigonal 
system Different methods are necessary m measuring the constants 
of the different groups 

In selecting the methods for determining these constants I have 
been guided by two desires, first, to make the method as direct as 
possible, measuring if possible the various constants directly instead 
of various combinations of them, and secondly, to obtain check 
measurements as abundantly as possible Obtaining checks is of 
considerable importance if one is to have confidence in the results 

We first consider the rectangular constants The arrangement of 
these is exactly the same for the three crystal systems, and the same 
methods of measurement apply to all It is m the first place evident 
that the linear compressibilities give the two combinations *n + 
*u + *ii and 2*n + * sa The cubic compressibility is given by the 
combination 2(* u + *12 + 2*u) + *•• To completely determine 
the rectangular constants we need two more relations The simplest 
method is to determine the constants directly Thus it is evident 
that if a specimen is cut lying along the x axis and is subjected to a 
simple compression (stress -V*) the longitudinal contraction e xa 
gives at onee the constant *n, and the two lateral expansions e yv 
and *,« the constants *u and *n This was in fact the method adopted 
in many cases Here the advantage of procuring large single crystals 
is evident, because it permits the use of specimens large enough to 
measure the lateral expansions This has seldom been done pre¬ 
viously, even by Voigt in measuring many non-metalhc crystals It 
is evident on examining the equations that for this kind of distortion 
there is rotational symmetry about the z axis, so that measurement 
of the three strains on any rod cut at right angles to the z axis gives 
directly the three constants, and it is not necessary to locate the x 
and y axes, but only the z axis The remaining rectangular constant 
*u may be obtained by a measurement of the longitudinal contraction 
under a compressive stress Z 9 applied to a specimen whose length 
lies along the z axis. The lateral expansion of such a specimen in any 
direction gives again «u, there is only one independent lateral ex¬ 
pansion for such a specimen Complete carrying out of the scheme 
outlined above would thus give eight measurements for the four 
rectangular constants (including the cubic compressibility of other 
observers) As a matter of fact this was not usually done because 
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of the difficulty of preparing a specimen of sufficient size lying along 
the z axis The reason for this is that the plane of easiest cleavage or 
slip usually lies perpendicular to the z axis, so that the specimen is 
very likely to break or be damaged m preparation Usually therefore, 

1 ha\e obtained essentially only six measurements for these four 
rectangular constants, two linear compressibilities, one cubic com¬ 
pressibility (other observers) and three direct measurements under a 
simple compressive stress X z In many cases these last measure¬ 
ments were supplemented by measurements of the extension under 
tension of a rod lying along the z axis, this rod being the natural 
casting and unmachuied and long enough to get rid of end effects 
I did not measure the lateral contraction of these rods under tension 
Neither did I attempt the measurement of any of the rectangular 
constants by the bending of rods This has been the favorite method, 
but it is much less direct, and it seemed to me much less desirable in 
cases like the present where the direct measurements can lie made 
The shearing constants involve a shearing stress Unfortunately 
there seems no simple mechanical way of applying a simple shearing 
stress analogous to the simple normal tractions which may so easily 
be applied in measuring the rectangular constants, and a more in¬ 
direct method has to be used Hie best is without doubt the usual 
method of measuring the twist of a cylindrical rod under a torque 
The method is more or less indirect because the state of strain is not 
uniform throughout the rod, but is greatest at the outside surface 
and least at the inside The formulas are comparatnely simple, 
however, and the results of measurements are not open to much 
question if the material is homogeneous, as it must be in the case of 
these crystals. The amount of twist of a rod of given dimensions 
under a given torque depends on the orientation of the rod with 
respect to the z axis, and m general involves all the elastic constants 
The formulas are given in Voigt's book The specimen is chosen by 
preference so that the combination of constants is as simple as possible 
For the hexagonal and trigonal systems there is only one inde¬ 
pendent shearing constant 9u, and a single observation of the twist 
of a rod of known orientation suffices to determine it The most 
convenient orientation is with the z axis perpendicular to the length 
of the rod, (principal cleavage plane parallel to the length) and in 
this case the torsion constant is given by s u — $ lt + \8h Since Sn 
and are supposed already known, the constant may at once be 
found If it were possible to observe the torsion of rods whose length 
is parallel to the z axis, the constant could be obtained directly 
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without connection with the other constants, but it has already been 
explained that the preparation of such rods is usually difficult (except 
in the case of tellurium for which it is easiest) The first method does 
not lead to a bad value for s 44f however, because the constants «n 
and sit are usually considerably less than a 44t so that although <44 
is obtained by difference, the difference involved is not the difference 
of two numbers closely equal to each other A check on the value 
of 044 is given by torsion measurements on rods of other orientations 
or by repeating the measurements on several rods of the same orien¬ 
tation A number of such check measurements were usually made, 
the details of which will be given under the separate metals 
The tetragonal system differs from the others in having two inde¬ 
pendent shearing constants These must be determined by torsion 
observations on rods of two different orientations, and the check 
measurements by observations on still other orientations There is 
an inconvenient complication here in that it is necessary to know the 
orientation of the x and y axes m addition to the relative position of 
the z axis and the axis of the rod The details will he given later 
There is only one cross constant among the metals measured here, 
of the trigonal system Its measurement is complicated Direct 
measurement on a specimen cut so as to he along one of the crystal¬ 
lographic axes would involve the measurement of an extension under 
a shearing stress or a shear under a normal traction, neither of which 
can conveniently be made on small specimens An indirect method is 
therefore necessary The simplest method seems to be the measure¬ 
ment of the longitudinal extension under tension of a rod cut at an 
angle other than 0° or 90° with the z axis The formulas given by 
Voigt show that in general under such conditions the extension 
involves the constant »u The orientation of the x and y axes also 
enters the result For one direction of orientation the effect of 
on the extension may be a maximum, while for a change of orientation 
of only SO 0 the effect disappears entirely With a period so short 
one would expect the influence of 014 at best to be comparatively 
slight, and it is in fact difficult to determine accurately under the 
beet conditions, being given by the difference of numbers nearly 
equal Furthermore, the best conditions are rather exacting, and 
among a large number of castings I found only a few that were suit¬ 
able for the attempt. A check on the values of *u is given by ob¬ 
servations on different specimens at different orientations. 

Experimental Methods of Measuring Strom . There was nothing 
especially novel m the methods employed. The general method for 
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measuring changes of length, either longitudinal or transverse, was 
some adaptation of the rocking knife edge with mirror and scale 
High magnifications were usually necessary, which for the transverse 
expansions sometimes rose to 1 2 X 10 6 Various arrangements for 
loading, either direct or through a lever, were adopted, depending on 
the dimensions of the specimens Transfer pieces of varying di¬ 
mensions were used for transferring the change of length to the 
rocking lever In measuring the change of length, the shortest 
effective length employed was 0 4 cm and the longest 10 cm The 
transverse expansions were usually measured on pieces 6 mm or 1 2 
cm in diameter 

Considerable difficulty was experienced in measuring the longi¬ 
tudinal compression under a one-sided compressive force Short 
specimens are necessary, as long ones will buckle There is consider¬ 
able difficulty with short specimens because of the necessity of perfect 
end conditions I was not successful in compressing a specimen with 
flat ends between plungers with flat ends m spite of extreme care m 
machining both the specimens and the plungers The method by 
which success was attained was to cement with a very small amount 
of soft cement to eath end of the specimen a cylindrical steel block, 
accurately concentric with it, in the center of the other side of which 
was a depression for a small steel ball (1 6 mm in diameter), which 
rested also in a depression m the center of the plunger In this 
mounting the specimen is free to adjust itself for any irregularities, 
and consistent results were obtained The plungers, of course, must 
be rigidly held to avoid side play 

The twist was measured with an instrument of obvious design 
The torque was applied through an arm working practically without 
friction on knife edges, and the amount of twist was measured with 
two telescopes and scales set on mirrors attached to the two ends of 
the specimen. 

In all cases the deformation was measured between actual points 
situated on the specimen. Early attempts to measure the deforma¬ 
tion between points not on the specimen itself, as by measuring the 
die longitudinal compression by measuring the approach of the steel 
plungers with which the compression was produced, were a failure 
Attempts were also a failure to utilize specimens built up of two 
pieces, although this is possible in measuring linear compressibility 
under hydrostatic pressure or thermal expansion, there bang m 
these cases no canghe of stress across the opposing surfaces 

Due regard was paid to the question of end effects, and the measur- 
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mg appliances were always situated for enough from the ends to 
avoid error from this effect 

In all these measurements the most easy source of error arises from 
exceeding the elastic limit of the crystal, which is often unbelievably 
low. Care must be taken that the measuring instrument itself, 
where applied to the specimen, does not locally exceed the elastic 
limit This was a particular source of trouble m measuring the 
transverse expansion In the early devices for this measurement, 
motion was transferred to the mirror by steel points pressed against 
the specimen The points had to be replaced by flat bearing surfaces 
of steel, maintained in position parallel to themselves by arrange¬ 
ments which need not be described here in detail 

Detailed Data 

Tungsten Tungsten belongs to the cubic system, and therefore 
properly does not belong within the range of material intended here 
But since I was fortunate enough to obtain a good crystal and the 
measuring devices were already developed, the opportunity was not 
to be lost Being cubic, the properties of tungsten are of special 
simplicity The mam questions are whether the properties of the 
single crystal differ appreciably from those of the drawn wire on 
which most measurements have been made, and what are the three 
elastic constants. 

I owe the crystal to the kindness of Dr Langmuir of the General 
Electric Co who obtained it from the German General Electric Co 
It was in the form of a rod 7 or 8 cm long and 7 mm m diameter It 
had been recrystallized from the sintereef rod by heating m vacuum 
for several hours to a temperature near the melting point When 
heated m this way for a long time, recrystallization starts at some 
point and proceeds rapidly until the entire rod is converted mto a 
single crystal gram, except the extreme ends which are m contact 
with the supports After recrystallization, the surface of the rod 
was etched by the admission of a slight amount of water vapor to the 
vacuum chamber, thus bringing out the crystal structure By the 
optical test the axes could be readily located The reflection pattern 
is that of the dodecahedral faces corresponding to the edges of the 
fundamental cube The orientation was such that ten of the twelve 
faces could be identified, the angles of reflection corresponding to the 
other two faces were, unfavorable For the measurements contem¬ 
plated it was necessary to completely determine the location of all 
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three cubic axes The dodecahedral faces are designated as (111) 
and (11 0) faces This fixes the x, y, and z axes with respect to the 
reflection pattern The z' axis was chosen along the axis of the 
cylinder, and the x ' and y' axes arbitrarily at right angles The 
scheme of angles for this crystal is as shown 



X 

V 

z 

3? 

90° 0 

87° 0 


V' 

290 



z' 

610 

290 

875 


In deriving this scheme all nine angles were independently measured, 
and then such readjustments made as were necessary to satisfy the 
orthogonality conditions Four of the nine angles were readjusted, 
the maximum change being 2 5° and the average change (for the four) 
14 ° 

After determining the orientation, the crystal was ground to a 
geometrically perfect cylinder This was necessary because the rod 
was bent somewhat, having sagged between the electrodes during 
the heating before recrystalhzatuin Of course the crystal structure 
was linear, independent of the cunaturc of the rod The grinding 
destroyed the reflection pattern, so that it was necessary to determine 
the pattern before grinding 

The linear compressibility was measured in the regular way with 
the apparatus which in my previous description I have designated as 
the lever apparatus for long specimens The length of the finished 
cylinder was 6 3 cm The measurements were entirely satisfactory, 
and show as much accuracy and consistency as any of the compressi¬ 
bility measurements by this method, and this is m general a tenth 
of a per cent or better* The linear compressibility «as found at 30° 
and 75°, from which the volume compressibility is 

AV 

—~ -318X10“V — 14X10-V at30° 

r o 

- 3 18 X MHp — 1 5 X MTV lit 75®, 

the unit of pressure being the kg/cm* 

Tungsten belonging to the cubic system has only one independent 
linear compressibility, so that this is all the information about the 
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three elastic constants that can be obtained by measurements under 
hydrostatic pressure 

These results for compressibility may be compared with results 
previously found. The result for the single crystal agrees within 1% 
with that previously found for drawn wire of high density, the com¬ 
pressibility of the crystal being slightly greater. Not only is the 
initial compressibility the same as found before, but the second degree 
term is also nearly the same 

Other relations tbetween the elastic constants were obtained by the 
following measurements (1) Longitudinal compression under a oner 
sided compressive stress applied lengthwise of the rod The constant 
for this deformation, that is the longitudinal compression per unit 
length per unit stress per unit area, is designated by Voigt by *»/, 
who gives the general formulas from which the special value for the 
cubic system in terms of the direction cosines and the three principal 
elastic constants may be deduced (2) Lateral contraction under 
longitudinal compression along the x f and y f axes These constants 
are designated by Voigt by *n' and *i»\ and the formulas are given 
(3) Torsion about the axis of the cylinder The constants for this 
deformation (tWTst per unit length, etc) is designated by Voigt by 
+ «»', the special value for the cubic system may be found from 
Voigt’s formulas Substituting now into the equations derived from 
Voigt the experimental values for the constants for the various di¬ 
rections and the numerical values of the direction cosines, and using 
the results found for the linear compressibility in dyne units, gives 
the foliowTng set of five equations to determine the three elastic 
constants 

(1) *n + 2ait “ 1 082 X 

(2) 63b*„ + + 182*a * 2.54 X 1<T\ 

(3) 359* u + 640*u — 179*4* = — 8 39 X 10“ M , 

(4) 0G38*n + 977*n — 002*44 « — 714 X JO"" 14 , 

(5) 1 456(*u - #„) + 1 272*44 - 13 0 X 10"« 

These equations are not entirely consistent, and we have the prob¬ 
lem of the best method of determining the most probable value of 
the constants. The method I have adopted is to solve equations 1 
and 4 for *u and *n (1 is by far the most accurate of the equations 
and the *i« term m 4 greatly preponderates), and then to average the 
values which these two values give for *«4 when substituted in the 
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three remaining equations, weighing according to the coefficient 
As a matter of fact, this method had to be applied by successive ap¬ 
proximations, first neglecting the 8u and terms in 4, carrying 
through the solution as suggested, and then correcting the value of 
9 it by the small correction terms which are given with sufficient 
accuracy by the first approximation 
The degree of consistency of the measurements, and the accuracy 
of the final result is to be judged by the closeness with which the 
equations 2, 3, and 5 are satisfied by the final values These are the 
final values adopted 

#u * 2 534 X 10- 11 , 

#„ - — 726 X 1(TS 
, 44 - 6 55 X 10-« 

Substituted m 5 these gne 8 34 on the left hand Bide against 8 25 
on the right; into 2, 2 536 against 2 54; and into 3, — 727 against 
— 839 

This check is as close as could be expected in view of the accuracy 
of the readings The sensitiveness of the readings for an individual 
determination of a deformation other than a linear compressibility 
did not correspond to an accuracy greater than 2 or 3%, the mean of 
ten readings may have possibly improved the accuracy three times 
It is interesting to see how nearly these constants satisfy certain 
significant relations. In the first place, if the material were isotropic, 
and characterised by only two elastic constants instead of three, the 
shearing constants would be connected with the two rectangular 
constants by the relation s 44 — 2(«u — tit) Substituting the values 
above for #n and #u gives 6 52 against 6 55 X HH* for # 44 Hence 
for this substance it would appear that the isotropic relation is 
probably satisfied within the limits of error 
In the second place we have the relation known as Cauchy's re¬ 
lation, which has been of considerable historical importance, but is 
not now to be taken senously, deduced on the hypothesis that the 
forces between atoms act m the line of centers This relation, which 
is between the elastic moduli instead of between the constants, » 
c»i *■ cu The moduli may be computed from the constants above 
by well known equations, and are Cu ~ 5 13 X 10 w , c lt « 2 05 X 
10 1 *, and c 44 ■* 1 53 X 10 1 *, Cauchy’s relation therefore bills within 
a margin considerably greater than the experimental error* 



PHYSICAL PROPERTIES OF TUNGSTEN, ETC 


The only other constant determined for this tungsten was its 
specific electrical resistance The potentiometer method was used 
In order that the current flow might be in straight lines, which 
would not occur m a specimen of these dimensions if the usual point 
or single contact electrodes were used, the electrodes were made of 
flat pieces of copper, amalgamated, and pressed against the ends of 
the cylinder so as to be in contact over the entire plane ends The 
specific resistance at 20 1° C was found to be 5 48 X 10~ a This is 
a trifle lower than the value 5 51 at 20° given by Langmuir for or¬ 
dinary tungsten wire The difference is in the direction one might 
expect, the conductivity of the crystal being better because of the 
more regular arrangement, but is m the opposite direction from that 
which might be expected from the difference of density 

Znw This metal is very easy to crystallize, and a large number of 
experiments were made on rods varying in size from 2 5 mm to 2 2 
cm in diameter The preferred manner of growth is with the basal 
plane parallel to the axis of the cylinder. This is m accord with what 
might be expected, because it is known that the separation of the 
atoms is greatest along the hexagonal axis, and therefore their density 
is greatest m the basal plane, so that they might pile themselves into 
the crystal most rapidly in this direction, the forces being greatest 
because of proximity Practically all the castings of 1 cm or more 
diameter had the basal or principal cleavage plane within a few degrees 
of parallel to the axis of the casting, but a number of specimens of the 
small size (2 5 mm ) were obtained in which the angle of inclination 
was sometimes as great as 83° Because of the ease of growing these 
crystals I did not experiment much witlr variations m the rate of 
lowering the mold from the electrical furnace, but confined myself 
to the slower rates, between 1 6 and 0 4 cm per hour Crystals 1 
cm m diameter were readily produced by the more rapid rate, and 
the only attempt I made at the largest size was successful with the 
slowest rate 

Zinc from three different sources was used, all supposed to be of 
high chemical purity Specially refined zinc from Eimer and Amend, 
melting point zme from the Bureau of Standards, and the purest 
zinc from Kahlbaum The Bureau of Standards zme has been used 
in some of my previous work, and I have given the analysis m detail 
The total purity claimed was 99 992 zinc, by difference I have no 
special analysis for the Eimer and Amend zinc, but the purity claimed 
for it is as great as this. It is to be noticed, however, that tins analysis 
does not include the oxide, and there was doubtless more or less 
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present in both these zincs I have not the analysis of the Kahlbaum 
material, but its electrical conductivity was consistently higher than 
that of the other two varieties, which were in close agreement, and is 
therefore presumably of higher purity, the difference doubtless being 
due to oxide There was no difference evident between zinc from the 
different sources in other than the electrical properties, and they 
could t>e used interchangeably tn the elastic measurements There 
is however, an obvious difference in properties which were not specially 
investigated here, namely the phenomena of plastic flow The Kahl- 
baum zinc was distinctly more plastic than the other varieties It 
is evident that the highest purity is needed here, and that a com¬ 
paratively slight amount of impurity by acting as “ keys ” between 
the slip planes (see Jeffries 7 ) may very materially alter the flow 
phenomena 

The reflection pattern of zinc is that of a truncated double hexagonal 
pyramid, the planes which are usually developed being the (0 0 01), 
basal, and the (1 0 T 1) planes The relative development of the 
latter depends somewhat on the rate of cooling Because, how ever, 
of the very perfect cleavage of amc it is possible in many cases to 
dispense with a complete optical examination The examination by 
the cleavage planes is easily made as follows At each end of the 
cylindrical casting, within a couple of mm of the end, a saw cut is 
made girdling the casting and reaching half way to the center The 
flange thus formed is broken through at vanouB places by driving into 
it a steel point in the direction of the cylindrical axis Rupture 
takes place along the cleavage plane Similar orientation of the 
cleavage plane at all places gives the criterion for a unique crystal 
grain, and at the same time the plane locates the hexagonal axis, 
which is perpendicular to it It is not necessary m order to determine 
those properties of hexagonal crystals investigated here to know 
further the location of the x and y axes with respect to the hexagonal 
axis, so that the location of the cleavage plane completely suffices 

A fresh metal cleavage surface is a strikingly beautiful thing, and 
it was possible to obtain them in great perfection from sine. 

Thermal Expansion The samples used were the same as those 
whose linear compressibility was also measured They were of Bureau 
of Standards zme, cut from a casting IJ2 cm m diameter The speci¬ 
men whose cleavage plane was parallel to the length was in one piece, 
but the one with length perpendicular to the cleavage (Janes was in 
two pieces It has already been explained that this introduced no 
error m such cases as this. 
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At room temperature, over a mean range of 5° on each side, the 
linear expansion was found to be 

« x - 12 6 X 10-* 

«u - 57 4 X 10-* 

Both of these values are less than those found recently by Grttneisen 
and Goens,* which are 14 2 and 03 respectively Their diagram is 
not altogether clear, however, and would seem to indicate that for 
another specimen than that for which they made complete measure¬ 
ments the constants maj tie less 

The extreme difference of the values m the two directions is the 
feature of chief interest here 

Electrical Resistance, Measurements of the specific resistance were 
made by the three methods described in the introduction Of course 


0 , 


0 . 

Zinc 

Fioubb 2 The specific resistance at 20° C of unc as a function of the 
angle between the hexagonal axis and the direction of flow 

those on the unmachined castings were the best Measurements on 
about forty different specimens were made in all As already men¬ 
tioned, the specific resistance of the Eimer and Amend and the 
Bureau of Standards sine was consistently higher by about 3% than 
that of Kahlbaum. The results obtained with Kahlbaum's sine are 
the only ones retained in the final results, but the other measure¬ 
ments confirm these in giving the same ratio for the resistance parallel 
and perpendicular to the axis. 

•The specific resistances of rods of Kahlbaum's unc at various in¬ 
clinations to the axis are shown in Figure 2. These rodB wen all 
about 6 mm. in diameter None were obtained with the cleavage 
plane mom inclined to the cylindrical axis than 55°, but tills is suf- 
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ficient to give the resistance for the 60° inclination by formula A of 
the introduction 

From this curve the following values may be deduced for the 
specific resistances at 20° C 

Pi = 5 91 X 10“® 
pn - 613 X 10"® 

The ratio of the two resistances is 1 036 

The agreement with the values of Grimeisen and Goens is not as 
close as might tie desired They find for pi at 20° 5 84 X 10“®, 
which does not differ greatly, but for the ratio of the two resistances 
1 080 The average resistance for all directions is 5 98 X 10 ® ac¬ 
cording to my measurements, and 5 99 according to theirs The dif¬ 
ference is small, but is not in that direction which would be accounted 
for by greater impurity of my zinc Griinciscn and Goens do not 
give the details of the sources of their zinc, but at least part of it was 
Kahlbaum, the same as mine Neither do they give the details of 
their measurements of specific resistance, so that we have no means 
of estimating the proliable accuracy of their results 

The temperature coefficient of resistance of three pieces was meas¬ 
ured between 0° and 90°, with the following results 

Angle of hexagonal axw with Average temperature eocf- 

eixiB of specimen ficient 0M00° 

7° 000422 

28 5 00409 

90 00412 

The source of the 28° 5 specimen was the Bureau of Standards, 
whereas that of the other two was Eimer and Amend Discarding 
the 28° 5 observation, the coefficient parallel to the axis appears to 
he probably about 0 24% greater than at right angles Unfortunately 
I have no measurements on the temperature coefficient of the K&hl- 
baum zinc The results found above agree well with those of Grim- 
eisen and Goens who find a coefficient greater b> 0 28% along the 
axis 

The effect of pressure on the resistance was measured on three 
samples of varying orientation at 0° and 95° C Two of them were 
Eimer and Amend’s zinc, and the third (28° 5) was from the Bureau 
of Standards. They were rods 2 5 mm. m diameter, and were used 



PHYSICAL PROPERTIES OF TUNGSTEN, ETC 


337 


without machining The conventional potentiometer method was 
used, the terminals were soldered to the specimens The total length 
between potential terminals was from 4 to 6 cm The measurements 
were in every respect as good as those which I have previously obtained 
with non-crystalline samples The a\erage deviation from a smooth 
curve of the individual readings with the 7° sample was 017% of the 
total change, with the 28° 5 sample 0 20%, and with the 90° sample 
0 64% The following results were obtained 


Any]? of Hexagonal 

Measured Changes of Resistance 

axis w ith axis 

0 C O 95 ° C 

of Rod 


— Aft/fto —Mi/Ru 

7° 

(11 08 j; — 

11 72 X 10 -V) X 10-*, 



(11 58/> —12 65 X J0~V) X 10-* 

28° 5 

(9 96 Up — 

9 41 X 10-y) X 10- 6 , 



(10 127^ —10 86 X 10 V) X 10-» 

90° 

(5 258ju — 

5 97 X 10-y) X 10-", 


(5 sib/* - 6 io x io-y) X 10“ fl 

The unit of pressure is here 1 kg/tin 2 The variations of pressure 
coefficient with direction are seen to be much larger than those of 
temperature coefficient of resistance or of resistance itself The 
decrease under pressure is greatest parallel to the hexagonal axis, 
which is also the direction of greatest resistance 

The results above are for u measured ” resistance We may con¬ 
vert these to changes of specific resistance by the formulas of the 
introduction Correcting the results at 0° C , we have for the initial 
pressure coefficients (the second degree term in the pressure coefficient 
cannot be corrected with the data at hand because we do not know 
the variation of the elastic constants with pressure) 

Hexagonal axis 90° with length —6 35 X 10 -6 

» “ 28 5 “ “ —9 54 

« „ 7 « « —1080 

Using these coefficients of specific resistance at 90° and 7° we find 
with the aid of formula C in the introduction that the initial pressure 
coefficient of specific resistance at 0° C parallel to the hexagonal 
axis is —10 87 X 10“* 
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Correcting the temperature coefficients of measured resistance, we 
obtain the following results 

Temp coefT of sp rests parallel to hex axis 0*00419 
" " » " “ perpendicular" " 000418 

Within the limits of error, the effect of temperature on specific re¬ 
sistance is probably the same in every direction. 

Elastic Constant* The linear compressibility was measured in 
the regular way with the lever apparatus for short specimens Meas¬ 
urements were made perpendicular and parallel to die hexagonal axis 
Both specimens were machined carefully from a large casting, the 
diameter of each being about 6 mm and the length 2 6 cm The 
perpendicular specimen was in one piece, but the parallel specimen 
was m two It was found that the compressibility perpendicular to 
the axis is very nearly the same as that of steel Since the method is 
a differential method, this means comparatively large irregularities 
m the measured value of the difference of compressibility, but the 
compressibility itself should not have any greater percentage inac¬ 
curacy than usual for this reason 

Measurements on each of these specimens to 12000 kg at 30° and 
75° C gave the following results 

Length parallel hex axis 

— y - 12 98 X 10-’p — 5 32 X 1at 30° C 
* 13 56 X 10 ~ 7 p — 7 82 X 10-*V. at 75° C 
Length perpendicular hex axis 

— 7 ^- 1946 X 10" 7 p —111 XIO^V. at 30°C 

ft 

- 2 025 X 10~ 7 p — 1 47 X 10^ l V» at 75° C. 
From these we obtain for the cubic compressibility 

1687 X 10~ 7 ?- 808 X10“V, at30*C 

- 17 60 X 10“ 7 p —1135 X 10~V. at 75° C. 

Thu value for the cubic compressibility is to be compared with that 
of Richards* (17 X 10 rT ), and of Adams, Williamson, and Johnston* 
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(17 1 X 10" 7 ), the latter value corrected using my recent value for 
the compressibility of iron The agreement is to be considered rather 
good 

We hav e also to comment on the agreement between these results 
and the preliminary values which I have given in my paper on the 
compressibility of 30 metals These preliminary measurements were 
only rough, and entirely satisfied their main purpose of bringing out 
the ver> great differences of linear compressibility in different direc¬ 
tions The specimens were not precisely oriented with respect to 
the crystal, so that it was not possible from the preliminary measure¬ 
ments to calculate the compressibility along the axes However, 
since the measurements were made in three mutually perpendicular 
directions, the sum of the changes of length previously found should 
check with the change of volume given by the present measurements 
The changes found were respectively 1 60 X 10~ 7 , 5 30, and 7 13 
The sum of these is 14 90 X 10~ 7 , very appreciably less than the 
value found above Theexplanation of the discrepancy I have found 
to be that the former specimen was not composed of a single grain, 
but was two, inclined at different angles X-ray analysis had shown 
only one gram, but this analysis was made by the reflection method 
on one face, and was not able to show the second grain in the back 
part of the specimen It is interesting that the lowest value found 
previously for the linear compressibility is less than the minimum for 
any direction m the single crystal, this is evidently a result of the 
constraint exerted on the one grain by the other 

The linear compressibilities give two relations between the five 
elastic constants These follow m equations 1 and 2 in Abs C. G. S 
units To obtain the other constants the following measurements 
were made On one machined specimen 1 27 cm in diameter the 
transverse expansion under a one-sided compression was measured, 
giving direct values for *u and (Equations 3 and 4) On another 

machined specimen, also 1.27 cm in diameter, measurements were 
made of the longitudinal compression under a one-sided compressive 
stress and of the transverse expansion in two directions, giving direct 
values for su , *■» and 8u (equations 5, 6, and 7). On so large a 
diameter as 1.27 cm. no appreciable effect from the machining is to be 
feared. Torsion measurements were made on 12 different rods, ap¬ 
proximately 6 mm m diameter, and inclined at various angles ITiese 
rods fall into three groups; in one group the hexagonal axis is nearly at 
99° with the axis of the rod, m another the angle is nearly 50°, and in a 
third group, consisting of a single specimen, the angle is 7° The van- 
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ation of angle within the groups is so little that the average torsion 
coefficient within the group may be correlated with the average angle 
of inclination These three groups, when averaged m this way, give 
three equations each containing the shearing constant equations 
8 , 9, and 10 respectively In taking the averages, one result in the 
50° group was discarded In the 90° group the extreme range of the 
observed values was from 40 to 60, and in the 50° group from 62 to 
69 Finally there are measurements of the change of length under 
tension of a number of rods 2 5 mm m diameter inclined at various 
angles Three of these are at angles so close to 90° that their results 
rnay be a\eraged, giving a direct \alue for #n (equation 11 ) The 
extreme variation in this group is from 8 34 to 8 81 The other rods 
w r ere inclined, one at 47° and the other at 60° (equations 12 and 13), 
and involve all the constants It is to be remembered that one 
source of error with the unmachined rods is geometrical imperfections 
The equations follow The fundamental forms due to Voigt were 
used, und the special values of the direction cosines were substituted 


into i 

them 


a) 

*11 + #U + *11 888 

1 032 X 10-» 

(2) 

2 #ia + = 

1311 X 10-“, 

(3) 

*13 = 

— 6 64 X 10-“ 

(4) 

8m - 

+ 31 X 10-“ 

(») 

*n — 

8 23 X 10-“, 

(6) 

*ji — 

— 6 74 X 10-“, 

(7) 

*ia = 

+ 48 X 10~“, 

(8) 

*11 - * 1 ! + J*44 == 

23 1 X 10-“, 

(9) 

1 304*ii + 489*n— 815 *m — 

978*,,+ 224*,,-33 4 X 

(10) 

*44 * 

26 o x i<r», 

(ID 

#11 ** 

8 57 X 10-“, 

(12) 

535*,, + 217*,, + 249[2<i, + *„( - 11 95 X 10"“, 

(13) 

097*,, + 027*,, + 138(2*,, + *„] - 7 92 X 10"“. 
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The following are the final values adopted for the constants 
ffn - 8 23 X 10~ l \ 

#.« - + 34 X 10- ts , 

«ii ~ — 6M X 1(T 13 , 
an *= 26 38 X lO** 3 , 

- 25 0 X 10-» 

As already mentioned, the linear compressibilities are much the 
most accurate In choosing the Iwst values for the constants, the 
first condition demanded was that the linear compressibilities should 
check exactly In getting the rectangular constants by far the 
greatest weight was given to equations 3~7, as the specimens used 
there were much the best In selecting the l>est value for #u a more 
de\ious course of compromise was adopted, giving much weight to 
the direct value of equation 10 The success with which these values 
meet the required conditions can in many cases be told by inspection, 
the less obvious cases are equation 8, in which substitution of the 
values adopted gives 21 0 on the left hand side against 21 1 on the 
right, equation 9 with 30 4 against 33 4, equation 12 with 13 17 
against 11 95, and equation 13 with 8 15 against 7 92 

The check afforded by this considerable number of independent 
measurements must, I think, l>e considered satisfactory, and gives 
considerable confidence in the final results Particularly gratifying 
is the agreement between the cubic compressibility calculated from 
the linear compressibilities and that directly observed by other ob¬ 
servers 

If now wc compare these values with those of Grtmeisen and Goens,* 
we note that their computed cubic compressibility is 19 0 agmnst 
171 experimental Their s Jt has the opposite sign from mine The 
positive sign found here constitutes a distinct abnormality of sine, 
but I believe that the experimental evidence for the positive sign is 
very strong (two direct measurements above) The values of 
Grtineisen and Goens were obtained from only two different sorts of 
measurements, extension and torsion measurements on rods of dif¬ 
ferent orientations, and the elastic constants were computed so as to 
give as well as possible the observed variation with direction of the 
effective constants It seems to me that the constants above, deter¬ 
mined by more direct methods, are without doubt to be preferred* 
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The moat striking feature of the elastic constants is the very great 
difference of the extensibility along and at right angles to the axis 
The extensibility is greatest along the axis, which is what might be 
expected liecause the separation of the atoms is greatest in this di¬ 
rection 

Cadmium The results which I have so far obtained on cadmium 
are incomplete and unsatisfactory m several particulars, and they 
must be considered as preliminary in character. There are two dif¬ 
ficulties, neither of which I sufficiently realized until a large number 
of measurements had been made In the first place the single crystal 
of cadmium is extraordinarily deformable, so that it is questionable 
whether it is allowable to attempt to machine it at all My measure¬ 
ments of linear compressibility and thermal expansion were made on 
machined specimens, and these had to be entirely discarded In the 
second place, under high pressures there are two new modifications, 
with reversible transitions If pressure is applied to a single crystal 
of cadmium, it will be transformed into another crystal modification 
above a certain pressure, and then on still further increasing pressure 
into another If now pressure is released into the domain of stability 
of the ordinary modification, it mill not return m the original ori¬ 
entation Hence all measurements of the properties under pressure 
of single cadmium crystals must be made on virgin pieces, which 
have never experienced either of the reversible transitions The im¬ 
portance of this I did not realize for some time, and it explains a 
number of \ery puzzling and inconsistent results The essentially 
new results which I have to communicate here are with respect to the 
transition 

Like zinc, cadmium is rather easy to crystallize, but is perhaps a 
little more exacting I found more difficulty due to the formation of 
new nuclei This difficulty I largely met by a more positive tem¬ 
perature control, lowering the glass mold into an oil bath, instead of 
into the air, which was adequate for zinc The same speed of lowering 
as with zinc produced good results It is also necessary that solid 
particles of dirt which may act as nuclei be more rigorously excluded. 

1 succeeded, however, in growing crystals of the largest diameter, 

2 2 cm The purity of the cadmium is a matter of even greater im¬ 
portance than of zinc, the very deformable crystals are not obtainable 
unless the purity is high I did not find any cadmium of American 
origin which was satisfactory, but used Kahlbaum's cadmium m all 
my final measurements. 

The reflection pattern of cadmium is the same as that of zinc, but 
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with a stronger tendency to the development of the basal planes, and 
the nearly complete suppression of the other planes under some con¬ 
ditions. The pits, or negative crystals, of cadmium were larger than 
for any of the other metals, large enough so that the different indi¬ 
vidual faces could be readily studied under a magnification of 500 
Thermal Expansion I obtained no results of value, the crystal 
structures of my specimens doubtless having been destroyed by the 
machining However, the expansion has been measured by Grttn- 
eisen and Goens, 3 so that this lack is not of such importance They 
find the same strikingly great relati\e expansion along the axis that 
is also shown by zinc 

Electrical Resistance Measurements were made on a number of 
\irgin pieces, and should therefore be satisfactory 
The specific resistances, obtained by the methods described, for a 
number of rods of Kahlbaum's cadmium, are shown m Figure 3 as a 

0,35 

0*80 


0*75 

0*70 


Cadmium 

Figure 3 The specific resistance at 20° C of cadmium as a function of 
the angle between the hexagonal axis and the direction of flow 

function of the orientation, together with the smooth curve of the 
theoretical resistances calculated according to Voigt’s formula A 
It appears that the t>est values for the specific resistances at 20° C 
are 6 80 X 10~* at right angles to the hexagonal axis, and 8 30 parallel 
to the axis The ratio of these two resistances is 1*221. Grttneisen 
and Goens 3 find for the ratio 1 188 This is m closer agreement than 
our values for zinc, and the difference is m the opposite direction 
However, their absolute values of specific resistance ore much higher 
than mine, being (using their values for the temperature coefficient 
of resistance) 7.11 X 10~* and 845 perpendicular and parallel re¬ 
spectively at 20° C The difference is in the direction to be ac- 
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counted for tty impurities in their sample, but the high value of their 
temperature coefficient 'would indicate high purity 

The specific resistance of the haphazard aggregate is 7 24 X 10~* 
according to my measurements, and 7 51 according to Grtineisen and 
Coens Jaeger and Diesnelhorst 10 have given 7 54 at 18° C for cast 
cadmium 

I have no satisfactory measurements of the temperature coefficient 
of resistance, my observations having been made on specimens which 
had experienced a transition under pressure One of these gave the 
high \ alue 0 00428, so that it is probable that there is some direction 
m the crystal in which the coefficient is as high as this This is 
higher than the value of GrUneisen and Goens above, 0 00420, which 
again is a little higher than the best previous value 0 00424 obtained 
in my pressure work on extruded wire, and also by Holborn 11 

The pressure coefficient was measured over the usual range of 
pressure, and at 0° and 95° C , but liecause of the polymorphic transi¬ 
tions produced by pressure, most of these readings are without sig¬ 
nificance for the effect of pressure on specimens of known orientation 
However, it was fortunate that on the first application of pressure a 
seasoning application of 2000 kg was made, releasing the pressure 
again to atmospheric after the application of 2000, so that the data 
are at hand by which the average pressure coefficient over the first 
2000 may be found at 0° C The results are as follows 

Angle of hexagonal axis Average pressure (oefheicnt of measured resistance 
with axis of npoeimen at 0° C to 2000 kg/cm* 

5° — 1 450 X 10~ 6 

87° — 0 693 X 10r* 

On the 5° specimen, readings were made at three intermediate pres¬ 
sures between 0 and 2000 and it was established that the effect is 
linear within the limits of error, but on the 87° specimen readings 
w r ere made only at 0, 2000, and 0 again The value of the coefficient 
which I have previously found for extruded cadmium wire was 
— 1 063 X 10~ 6 The results above on the single crystal give for 
the pressure coefficient of the haphazard aggregate, formula H of the 
introduction, —0 912 X 10~ 6 , less than the coefficient of the ex¬ 
truded wire It is probable, therefore, that the orientation of the 
wire was not really haphazard, but that grams preponderated with 
the hexagonal axis parallel to the length of the wire. 

Let us now consider what part of the difference of these coefficients 
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is to be ascribed to unequal changes of dimensions under pressure 
Using the values of the elastic constants which will be presently 
given, the following approximate values are found 

5° 87° 

Pressure coefficient of specific resistance —1 31 1 X 10“ 6 , —0 871X1 

To a sufficient degree of approximation these may also be taken as 
the coefficients of specific resistance respectively parallel and perpen¬ 
dicular to the hexagonal axis 

The effect of the change from measured to specific resistance is the 
same that it was with zinc, namely the coeffic ients in the two directions 
become more nearly equal, but as before, there is left a comparatively 
large outstanding difference, the specific resistance in the direction of 
the hexagonal axis (which is also the direction of greatest resistance) 
being decreased more rapidly than the resistance at right angles 

Elastic Constanta It has already been explained that many of the 
measurements of the elastic constants were vitiated either because 
the stresses producing the deformation to be measured exceeded the 
elastic limit, or else because the crystal structure had been destroyed 
by machining or by subjection to pressure with polymorphic transi¬ 
tion The measurements on compressibility had to be discarded 
entirely, the linear compressibilities failing entirely to check with 
known values of the cubic compressibility This was true even for 
the initial compressibilities found before the polymorphic transition 
had been produced, and the only explanation seems to be a de¬ 
struction of the crystal structure by machining Among the other 
measurements of the constants were also some which were evidently 
impossible It was possible, however, to select from the fifteen 
measurements enough to give fair values for the constants In 
selecting the measurements to use I was guided by Grlineisen and 
Goens This, however, was merely by way of saving tune, because 
the inconsistent measurements discarded were inconsistent by large 
amounts, and were very different from those accepted 

The following sorts of measurements were used in obtaining the 
final results The extension under tension of two rods nearly parallel 
and perpendicular respectively to the hexagonal axis gave direct 
values of *n and *u The torsion was measured of a Tod at 90° 
(average of two specimens), and the tension and torsion of a rod at 
30° There were thus five measurements available for the five con¬ 
stants, for which I have adopted the following values as best 
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- 12 9 X 10“ ia , 

*i.~—15X10-“ 

#» 93 X Wr x \ 

Sn » 36 9 X 10~“ 

#44 “ 64 0 X 10““ 

In addition to my five measurements there is the condition imposed 
by the cubic compressibility of other observers I chose the con¬ 
stants so as to check almost exactly with the cubic compressibility of 
Adams, Williamson and Johnston* (22 5 X 10~ ia against 22 4), and 
also used the directly measured values of *n and The other 
constants were chosen so as to give as good a compromise as possible 
when substituted in the three remaining equations In these equa¬ 
tions the agreement was as follows 46 4 against 43 5, 28 6 against 
29 8 , and 64 1 against 65 0 The agreement is not bad, but it must 
nevertheless be recognized that these constants are not nearly as 
secure as those of zinc, or for that matter most of the other metals 
measured here 

Compared with the values of Grttneisen and Goens, the most im¬ 
portant difference is in the larger value which I find for # 44 ,64 against 
54 It is to be noticed that I have given negative values to both #i» 
and unlike zme In doing this I was doubtless influenced by the 
values of GrOneisen and Goens, I do not believe that this result 
should be accepted as final or made the basis of theoretical consider¬ 
ations without further verification, preferably a direct measurement, 
such as was possible for zinc 

Traimtion* of Cadmium under Pressure These results are pre¬ 
liminary, and have to do chiefly with proving the existence of the 
transitions, and establishing their approximate locations. Most of 
the results were obtained in the course of attempts to measure the 
linear compressibility These measurements were made first on 
specimens cut at right angles to the axis, and the first suggestion of 
anything wrong was in the unusually large permanent changes of 
zero after an excursion to the maximum pressure and back again 
The curve itself was fairly regular, but careful study showed irregu¬ 
larities greater than could be explained by experimental error 
Measurements were now made on the specimen parallel to the axis, 
and the effects found were much greater At two places on the curve 
there were discontinuities by amounts rising in the extreme case to as 
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much as 2% of the total change of length under 12000 kg These 
discontinuities were reversible m the sense that they could be ob¬ 
tained in approximately the same location with increasing or de¬ 
creasing pressure, but there were peculiarities which made them 
unlike the volume discontinuities ordinarily found in measuring 
transitions It must be remembered that these were discontinuities 
of length The discontinuities were not always of the same sign, 
but the change of length might be either a decrease or an increase 



Presture, Kg / Cm* 1 
Cadmium 


Fxwjbe 4 Shows the discontinuity of length on an arbitrary scale ob¬ 
served at the transition points of cadmium under pressure For the high 
erasure transition an example is shown of both an increase and a decrease 
oflength. 

Furthermore! after several changes of pressure back and forth, the 
discontinuity usually became less and less pronounced and ulti¬ 
mately practically disappeared. In one case, after several applica¬ 
tions of pressure, the discontinuity, which at first was an increase, 
reversed and became a decrease of length. The most valuable 
measurements were always obtained on virgin specimens In Figure 4 
are shown the best examples of the two discontinuities; at the higher 
pressure an example is shown of both an increase and a decrease of 
length. In some cases it was possible to obtain readings within the 
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4 5 6 7 8 

Pressure, Kg / Cm 2 X 10 1 
Cadmium 

Figukb 5 The observed transition pressures of cadmium as a function of 
temperature The circles indicate readings obtained within the discontinuity, 
the two phases being simultaneously present, while the linos show the range 
within which the transition was shut by other readings obtained with only 
one phusc present and therefore not under equilibrium conditions 


The collected results are shown in Figure 5, where the points in¬ 
dicate the readings determined within the actual discontinuity, and 
the lines indicate the range within which the transition was included 
when it was not more exactly located The existence of the transition 
must be considered to be tayond doubt, and also the location approxi¬ 
mately as given, but the reason for the discrepancies between readings 
obtained at different times is not altogether clear It is possible 
that it may be an effect of internal stress If the new modification 
does not appear as a single crystal, but as several grains of different 
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orientations there may well be a stress due to the unequal change of 
dimensions, which may modify the transition pressure It is well 
known that the effects of a non-hydrostatic stress on a transition 
point may in some cases be very large, particularly when the heat of 
transition is low 

Whatever the other properties of the new modifications, it is e\ident 
that they cannot differ appreciably in volume from the ordinary 
modification, but that the spacing of the atoms m different directions 
must differ, being in some directions extended and in others contracted 
This is demanded not only by the facts found here, but also by the 
fact that I have never before found any suggestion of such a discon- 
tinuity I ha\e previously measured the pressure coefficient of 
resistance, the compressibility, and the thermal e m f under pressure, 
but always on specimens of many grains arranged approximately at 
haphazard It follows that the electrical properties also of the new 
modifications can, on the a\erage, differ only slightly from the ordi¬ 
nary 

One is at once reminded of the polymorphic transitions claimed bv 
Cohen 12 for cadmium, but it is probable that there is no connection, 
the transitions found here being mersible, and occurring only at 
pressures of several thousand kilograms 

Bismuth The source of most of the lead used in these measure¬ 
ments vias the U S S Lead Refining Co, to whose courtesy I owe 
some especially refined electrolytic bismuth Some of this material 
has been used in my previous work, 13 aud some of the identical lot 
was left for my present work, I also procured a fresh lot made by the 
same method In my previous work will be found a chemical analy sis, 
the chief impurity is less than 0 08% Ag The purity is also vouched 
for by the high \alue of the temperature coefficient of resistance 
Furthermore, it is to be remernliered that the process of crvstalhza- 
tion acts as a very efficient purification, at least from those metals 
which depress the freezing point I have found that the lower end 
of a casting of commercial bismuth yields metal of as high a temper¬ 
ature coefficient as the best electrolytic material 

Bismuth is one of the most strongly crystalline erf metals, and until 
the recent work of GrUneisen and Goens is prActic&Uy the only metal 
for which any attempt has been made to obtain data for the individual 
crystal The previous material has been usually obtained from large 
single crystals found m the interior of large masses of slowly solidified 
bismuth There have, however, probably been large errors introduced 
by the methods of manipulation, as will be explained later It was a 
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surprise, in view of this previous experience with bismuth, to find dint 
it is not one of the easiest to grow in large single crystals. My usual 
method of growth readily produces rods which to the first casual in¬ 
spection are one grain, either by the reflection or the cleavage test, 
but on closer examination it will be found that what appears as a single 
cleavage plane is really not one but several inclined at very slight 
angles to each other Instead of a single grain, it is therefore much 
more usual for the casting to consist of several, all oriented very nearly 
alike, and growing together for the entire length of the casting Not 
only is the orientation of the cleavage plane, and therefore of the 
trigonal axis, nearly the same in these different grains, but the orien¬ 
tation of the other axes about the axis of three-fold symmetry is also 
approximately the same, because the cleavage on the rhombohedral 
planes, which is well developed in bismuth although not nearly as 
perfect as that on the basal plane, runs across from one grain to another 
with \ery slight change of direction I did not succeed w obtaining 
any of the largest castings (2 2 cm diameter) m one gram, and only 
one as large as 1 2 cm The smaller castings, 2 to 6 mm in diameter, 
came much more readily in one grain The presence of several grams 
has no effect on the determination of certain properties, such as the 
linear compressibility under hydrostatic pressure, but it may introduce 
rather large errors into the determination of certain other combina¬ 
tions of the elastic constants, such for instance as depend on the 
deformation under a one-sided compression. Considerable trouble 
from this cause was experienced before the reason was located. Toward 
the end of my manipulations of bismuth I found that the best results 
are obtained with a high rate of cooling, instead of a low rate as for 
zinc and cadmium, and I have no doubt that with a little pains it 
would now be possible to obtain the larger castings 

The preferred manner of growth, as also for zinc and cadmium, is 
with the basal plane parallel to the axis of the casting, but variations 
from this direction take place more readily than they do for zinc In 
the small sizes it is possible to obtain large departures from parallelism, 
but because of the extreme ease of cleavage along the basal plane, I 
did not find it feasible to attempt measurements cm any long slender 
rods with an angle of inclination greater than 46°, although measure¬ 
ments were made on machined pieces short compared with their length 
in which the basal plane was at right angles to the length. 

A particular source of trouble with bismuth was the great amount 
of occluded gas set free on solidifying, which makes special trouble 
with the long slender castings. The gas must be removed by a pro¬ 
longed preliminary heating in vacuum, as already explained. 
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Thermal Expansion This was measured in the regular way on the 
same two specimens whose linear compressibility was determined 
The specimens were machined from a large casting, were 6 mm m 
diameter, and 2 8 cm long perpendicular to the trigonal axis, and 
2.1 cm parallel, this latter being m two pieces The following results 
were found at 20° C 4 

<x t « 10 36 X 
«u * 18 96 X 10"* 

The expansion is thus greatest along the axis of rotational sym¬ 
metry, as it has always been found to be, but the difference is very 
much less accentuated than it is for zinc and cadmium Tins is per¬ 
haps surprising when the strongly crystalline character of bismuth is 
considered 



Figure 6 The specific resistance at 20° C multiplied bv 10* of bismuth 
as a function of the angle between the trigonal axis and the direction of flow 


Hie thermal expansion at 40° C has been found by Fizeau to be 
16 2 parallel and 12 1 X 10~* perpendicular to the axis, both greater 
than the values above Hie reason for the discrepancy is not clear, 
unless there were flaws in Fiseau’s specimen, which seems to have 
been the case with many of the early specimens because of their 
method of preparation 

Ekdncal Resistance. Measurements were made on the specific re¬ 
sistance at room temperature of about 20 specimens, all unmachined 
rods, inclined at various angles up to 45° These are shown in 
Figure 6 (two have been discarded, lying impossibly high), and I 
have also drawn the curve which seems to represent the most probable 
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value of the true resistance The points scatter a great deal, and lie 
al>ove the curve The reason for this is to be sought perhaps partly 
in fissures introduced into the bismuth by handling, the cleavage 
being very easy, and also by geometrical imperfections, especially 
minute bubbles on the sides of the casting, which I have never suc¬ 
ceeded m completely eliminating 

The most probable values of the specific resistance at 20° C may 
be deduced from the diagram to be 

Px = 109 X l(r 6 , 

PU « 138 X 10”" 

The ratio of the resistances in the two principal directions is thus 
1 27 

These results differ considerably from those of previous observers 
Thus Matteuci 14 finds for the ratio of the two principal resistances 1 6, 
Borehus and Lindh 16 1 57, and van Everdingen 1 " 1 68 The difference 
is in the direction to be expected It has been brought out by Borehus 
that most resistance measurements have been faulty because of the 
existence of flaws in the metal Their existence may be shown very 
strikingly by subjecting the metal to a compression at right angles to 
the basal plane, when the resistance experiences a sudden and large 
decrease The effect is ho large that Borehus has even gone so far as 
to suggest that if there were no fissures the resistance would be the same 
m all directions These fissures are an almost certain result of the 
method of preparation which many previous experimenters have 
adopted Thus Borehus describes slowly cooling a dish of bismuth 
*3 cm high and 2 cm in diameter with every precaution to ensure the 
slow growth of the crystal, then breaking the casting in two, judging 
from the continuity of the cleavage plane that there was really only 
one grain, and then using the two halves of the broken casting as the 
source of further material Such treatment would be expected to 
produce fissures on the basal plane, and to give exactly the larger 
value for the resistance along the axis (across the planes) wrhich was 
actually found That my values above do not suffer from this source 
of error is made probable by the extreme care with which the glass 
tubes were broken from the castings, and more especially by the 
measurements of the pressure coefficient of resistance* If there are 
minute fissures, these will be closed by a small initial pressure, so 
that there will be an initial sharp decrease of resistance at a different 
rate from the subsequent rate No such effect was found 
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Whatever the uncertainties shown in Figure 6, it is evident that 
the ratio of the resistances in the two directions must be much less 
than 1 0 The highest ratio which seems at all consistent with the 
duta is 1 31 

From the results above it may he calculated that the resistance of 
a haphazard collection of grams in all orientations is 117 X 10 *, 
which agrees closely with the value 119 at 18° C found by Jaeger and 
Diesselhorst, 10 and is confirmatory evidence* of the correctness of the 
small ratio of the principal resistances found above 

Temperature Coefficient of Rvtnsiance This was determined for 
two samples incidentally during the measurements of pressure coef¬ 
ficient of resistance, the angle of inclination of the axis to the length 
of these two pieces being respectively 90° and 57° The measure¬ 
ments on the 90° sample were a little more regular, and gave the fol¬ 
lowing results for the resistance as a function of temperature 


Temperature 

0 ° 

25 

50 

75 

100 


Relative Resistance 

1000 
1 102 
1 209 
1 322 
1444 


The departure from linearity is in the normal direction Within the 
limits of error, which were not more than 1% on the coefficient, the 
measurements on the 57° sample agreed with the above, so that 
there appears to be no appreciable variation of temperature coef¬ 
ficient with direction Corrected for thermal expansion, the mean 
coefficient between 0° and 100° C of specific resistance is 0 00445, 
the same in all directions 

The average coefficient of the measured resistance given by the 
above is 0 00444, which is a trifle higher than the best value which I 
have previously found for electrolytic bismuth (0 00441) and is evi¬ 
dence of high purity Holborn, 11 however, has found a value 0 00446 

Pressure Coefficient of Resistance The effect of pressure to 12000 
kg at several temperatures was measured on the two samples de¬ 
scribed above m connection with the temperature coefficient The 
results are not linear with the pressure, and are not convemently 
given by formulas, so 1 have reproduced them in & Table I There 
was no especial incident in making the measurements, the regularity 
was that to be expected from a specimen of small resistance With 
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the 90° specimen the a\erage deviation from a smooth curve varied 
with the temperature from 1 1 to 0 6% of the effect, and with the 
57° specimen the variation was from 0 (Mi to 0 5% 

TABLE I 

Rhative Resistances of Bisutrrn Under Pressure 


Trigonal axis perpendicular to length 


Pressure 
kg/< rn 9 

0*0 

Relative Resistance 

30° C 62° C 

96* C 

0 


1 0000 

1 0000 

1 0090 

1000 

1 0090 

1 0002 

1 0082 

1 0005 

2000 

1 0188 

1 0187 

1 0188 

1 0109 

3000 

1 0294 

1 0280 

1 0292 

1 0305 

4000 

1 0404 

1 0305 

1 0403 

1 0416 

5000 

1 0518 

1 0511 

1 0518 

1 0534 


1 0637 

1 0627 

1 0635 

1 0656 

7000 

1 0758 

1 0750 

1 0758 

1 0782 

8000 

1 0884 

1 0876 

1 0885 

1 0914 

0000 

1 1010 

1 1003 

1 1013 

1 1046 

10000 

1 1143 

1 1133 

1 1144 

1 1182 

11000 

1 1270 

1 1263 

1 1270 

1 1320 

12000 

1 1418 

1 1303 

1 1400 

1 1463 


Trigonal axis 67° to length 


Pressure 
kg/cm 5 

o°c 

Relative Resistance 

30*0 

0*5° t 1 

0 

1 0000 

I 0000 

1 0000 

1000 

1 0155 

1 0140 

1 012b 


1 0319 

1 0305 

1 0270 


1 0490 

1 0475 

1 0423 


3 0671 

1 0648 

1 0574 

5000 

1 0873 

1 0831 

1 0755 

0000 

1 1065 

1 1024 

1 0929 

7000 

1 1278 

1 1218 

1 1110 

8000 

1 1501 

1 1422 

1 1300 

9000 

1 1733 

1 1637 

1 1499 

10000 

1 1971 

1 1854 

1 1706 

11000 

1 2213 

1 2081 

1 1917 

12000 

1 2471 

1 2318 

1 2120 


As has already been found for extruded wire, the effect of pressure 
is to increase the resistance, the rate of increase itself becoming 
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greater at the higher pressures We now find that the increase under 
pressure is more rapid across the cleavage planes than at right angles. 
This is the reverse of the effect to be expected if the cleavage planes 
are the seat of incipient fissures 

We have now to compute from the effects at 00° and 57° the effect 
at 0° (cleavage plane perpendicular to the length) In making this 
computation we have first to calculate the pressure coefficients of 
specific resistance at 90° and 57°. The formulas already given, 
together with the elastic constants to be given in the next section, 
give for the correction term — 1 6 X 10“* at 90° and —1.16 X 10“* 
at 57°, of which latter — 011 X 10" f is the angle correction. The 
data given above for resistance as a function of pressure yield for the 
initial pressure coefficients of measured resistance 9 1 X 10*** and 
14 6 X 10"* at 90° and 57° respectively Applying the corrections, 
we get for the pressure coefficients of specific resistance + 7.5 X 10“* 
and + 13.4 X 30“* at 90° and 57° Substituting now these values 
in formula C for the pressure coefficient of specific resistance as a 
function of direction, we obtain for the pressure coefficient of specific 
resistance along the axis + 24.5 X 10“*, which is thus three times 
larger than the coefficient in the perpendicular direction 

Elastic Constanta. Bismuth is characterized by six elastic constants; 
five of these enter in the same way as the five constants of zinc and 
cadmium and may be determined m the same way, the sixth is the 
so-called ctosb constant 8u and requires different sorts of measure¬ 
ment In getting these constants a number of measurements had 
to be discarded, because it was found that the specimens were not a 
single grain, but several of almost exactly the same orientation 
Some of the constants determined with these multigrained rods were 
of the order of twice the correct values 

Hie measurements from which the constants were finally deduced 
were as follows First and most accurate, the linear compressibility 
of specimens parallel and perpendicular to the trigonal axis, giving 
equations 1 and 2. Only the initial values of the compressibilities 
from these pressure measurements are to be used in combination 
with the other elastic constants, the behavior of the linear com¬ 
pressibility over the pressure range will be described later Second, 
direct measurements of the longitudinal compression and two trans¬ 
verse expansions of a machined specimen 1.27 cm. in diameter per¬ 
pendicular to the trigonal axis subjected to a simple compressive 
strew, giving equations 3,4, and 6 These measurements give direct 
values for *u, *■„ and *u. Thirdly, measurements were made of the 
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torsion of two rods with the cleavage plane parallel to the lengthy 
giving by the average equation 6 The two constants for the two 
rods differed by 1 7% Finally to determine bu, measurements were 
made of the extension under tension of three rods inclined at various 
angles from 46 5° to 74°, giving equations 7, 8 , and 9 In making 
these determinations it is necessary to know the location of the rhom- 
bohedr&l cleavage planes as well us the basal cleavage plane Each 
of these tension measurements gave a value for Su, using m the equa¬ 
tion the values for the other constants which seemed beat from the 
previous equations Each of the values of Su is the difference of 
two quantities of nearly the same magnitude, so that it is not to be 
expected that the result will have any great accuracy* The three 
^ alues so obtained were averaged to obtain the final value, weighting 
the different values according to the ratio of the difference to the 
larger of the two terms of the equation 
The equations m detail are as follows 


( 1 ) 

( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 

(7) 

( 8 ) 
( 9 ) 


*.. + *i. + «» = 066X 10-**, 

2*h + *n ” 16 28 X 10-*, 

*,,-—13 8X10-“, 
*i. « —61 X 10-“, 
«,, - 273 X 10-“, 

*.. — *» + }*4i - 95 3 X 10"“, 

*,« = (60 4 — 44 2) X 10"“ « 162 X 10^“, 
«,i - (53 7 — 36 0) X 10~“ - 17 7 X 10““, 

»u - (908 — 800) X 10-« - 108 X 10"“ 


Equations 1 and 2 for the linear compressibility may be checked 
against the cubic compressibility The value found by adding 2 to 
twice 1 is 29 60 X 10r“ for the cubic compressibility, the experi¬ 
mental values are 29 7(5) by Adams, Williamson, and Johnston,* 
and 29 X 10~“ by Richards 1 The agreement is probably within 
the limits of error The first two equations were therefore accepted 
as correct The rectangular constants were now chosen approxi¬ 
mately, as given by equations 3 to 5, but with slight readjustments in 
*ii, *u, and *u so as to satisfy equation 1 «,, is then given im¬ 

mediately b> equation 2 , but there is no check on it. The magnitude 
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of the adjustments of the first three constants gives an idea of the 
probable accuracy The shearing constant a u was then obtained 
directly from 6 by substitution In equations 7 to 0 the values of 
the first five constants thus found were substituted, giving the equa¬ 
tions as they stand for The weighting process described gave the 
final value for a u The final values for the constants follow in 4bs 
C G S units 

An « 26 9 X 10- 13 . 

Am ** —-14 0 X 
Au ^ - 6 2 X 10 “ 

Asa * 28 7 X 10“ r , 
a 44 * 104 8 X 10~ IS , 

An « 16 0 X 10~ 18 

In contrast with zinc and cadmium, the two constants Au and *«« 
have nearly the same values The exceedingly large value of the 
shearing constant a 4 * is the particularly interesting feature for bismuth, 

So far as I know there are no previous values for the individual 
elastic constants of bismuth This is surprising in view of the fact 
that others of its physical constants have been determined, and that 
large crystals are obtained so readily It is probable that minute 
fissures lead to larger inconsistencies in the elastic constants than in 
some of the others, witness the discrepancies found above when there 
were several grams 

Finally we have the linear compressibility as a function of pressure 
These measurements ran as smoothly as any of the linear compressi¬ 
bility measurements, and gave the following results, pressure in 
kg/cm 2 

Length perpendicular to hexagonal axis 

— j - 0 624 X 10- T p —4 39 X 10~V. at 30°, 

- 7 044 X 10- 7 p — 8 40 X 10" l V» at 75°. 

Length parallel to hexagonal axis 

— j - 15.92 X 10~ 7 p —11.1 X 10~V» at 30*, 

- 15 80 X —11 6 X 10“V. *t 75*. 
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These measurements were on electrolytic bismuth of high purity 
Measurements were also made on a specimen of commercial bismuth 
perpendicular to the axis, giving 

— y » 6 450 X 10->—4 60 X 1Q-V. at30°, 

= 6.423 X 10 ~V — 4.57 X 10“‘V. at 75°. 

The difference, due to impurity, is about 2.7% 

Combining the above results for the change of length gives for the 
change of volume of electrolytic bismuth: 

AV 

— - 29 17 X 10~ 7 p — 22,43 X 10~V, at 30°, 

=• 29 89 X 10~ 7 p — 31 13 X lO^V- at 75° 

Antimony It is astonishingly easy to obtain antimony in single 
grain castings, it does not have the tendency to form several grains 
of nearly the same orientation that bismuth does Because of the 
high melting point, it is necessary to use a mold of quarts or of high 
melting combustion tubing, pyrex softens below the melting point 
When using combustion tubing, care is necessary not to exceed the 
melting point too much, I obtained good results by running the 
furnace 50° above the melting point, I used the slowest rate of 
cooling, 4 mm an hour for the largest size casting, but I have no 
doubt that considerably more rapid rates would be equally satis¬ 
factory Remarkably clean castings were obtained, with practically 
none of the trouble from occluded gas shown by bismuth The pre¬ 
ferred manner of growth is with the trigonal axis perpendicular to 
the axis erf the casting, that is, with the principal cleavage plane 
parallel to the length The larger castings, 2.2 cm down to 6 mm,, 
invariably came out with this orientation, but the smaller castings of 
2 mm diameter gave a number of oblique incidences up to 65° 
Thermal Expanman The regular apparatus and procedure were 
used The specimens were cut from one of the large castings, and 
were the same as those used for the linear compressibility There is 
no difficulty m preparing the specimen with the cleavage plane parallel 
to the length, but because of the excessively easy cleavage there was 
considerable difficulty w preparing the perpendicular specimen. 
This specimen was built up of three short pieces resting against each 
other on natural cleavage faces, which are as flat and parallel as it 
would be possible to obtain by* machining operation* These short 



PHYSICAL PROPERTIES OP TUNGSTEN, ETC. 


359 


pieces, approximately cubical, were cut from a slab of the requisite 
thickness by grinding with a thin slitting wheel A special brass 
clamp was mode with which the specimens were firmly compressed 
across the cleavage planes, and in addition they were imbedded m a 
matrix of cement In cutting, the clamp and the specimens were 
ground across together, this proved to he necessary because the 
specimen must be always firmly clamped on both sides of the cut 
The readings with the specimens so prepared were as self consistent 
as those obtained with less cleavable metals The following results 
were found for the expansion in a range of 10° about room tem¬ 
perature 

a u = 15 56 X 10~®, 
a x « 7 96 X 10“« 

The expansion across the cleavage planes is thus nearly twice as 
great as that at right angles, this is the normal type of behavior, and 
is that found for all the metals examined here 



I fttrius 7 The specific resistance of 0° C mul tidied by 10 4 of antimony 
as a function of the angle between the trigonal axis and the direction of flow 

At 40° C Fueau has found for the expansions 16 92 and 8.82 X 10~* 
respectively, both larger than my corresponding values The dif¬ 
ference is in the same direction as for bismuth At least part of the 
difference is to be ascribed to the difference of temperature 
Resistance Hie specific resistance of four small castings was 
measured, at angles varying from 24° to 90° The specific resistances 
at 0* C. as a function of orientation, and the most probable curve* 
are shown m Figure 7. The specific resistance parallel to the axis 
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(across the cleavage planes) is 31 8 and at right angles 38 6 X 10“* 
This is the first time that we have found a resistance across the cleav¬ 
age plane less than m the perpendicular direction, and is not what we 
might expect It is evident that this sort of result cannot be ex¬ 
plained by the presence of minute fissures 
There arc no previous determinations for comparison We may 
obtain a sort of check by computing the resistance to be expected in 
an aggregate of crystals of haphazard orientation This turns out 
to lie 31 8 X 10~ 6 at 0° C This may be compared with 38 7 at 0° 
given in Bureau of Standards Circular No 74, 1918 The difference 
limy he ascribed to differences of purity, the Bureau having used 
American antimony, which is always less pure, judging by the melting 
point, and may also be in part due to the microscopic fissures which 
would be expected in a haphazard casting because of the unequal 
thermal expansions in different directions of the different grains 
The temperature coefficient of resistance of three of the above four 
samples was determined between 0° and 96°, the specimen at 24° to 
the axis was damaged by an application of pressure before the tem¬ 
perature coefficient could be determined These temperature de¬ 
terminations were made with especial care, the temperature being 
run through a complete rycle, from 0° to 95° back to 0° with inter¬ 
mediate readings, and in one case back to 95° ogam In all cases the 
readings were all that could be asked, there was no hysteresis and no 
permanent change, but the readings were m all cases single valued 
functions of the temperature within the sensitiveness of the readings. 
The two specimens perpendicular to the axis gave results indistin¬ 
guishable from each other The following values were found for the 
resistance as a function of temperature 


Temp 

Length 00“ 

Length 42 S' 

•0 

to axis 

to bxm 

0 

1000 

1000 

25 

1 120 

1.126 

50 

1 245 

1260 

75 

1375 

1.401 

100 

1.510 

1550 


There is thus a very perceptible difference between the temper¬ 
ature coefficients in different directions 
We may now calculate the temperature coefficient across the cleav¬ 
age planes We first find the temperature coefficient of specific 
resistance to be 0 00511 for the 90 Q direction and 0 00552 for the 42.5° 
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direction Substituting these values and the resistances in formula 
C yields 0 00595 for the 0° direction for the specific resistance The 
variation with direction is the largest >et found 
The temperature coefficient of the haphazard aggregate may be 
calculated from these results to be 0 00510 
Remtancv of Antimony undvr Pressure It is already known that 
antimony in the haphazard aggregate is unusual in that the resistance 
increases under pressure The behavior is that normal to this type 
of conductors in that the rate of increase under pressure itself in¬ 
creases as the pressure increases The measurements on single 
crystals have now disclosed further abnormalities, which make anti¬ 
mony unique These new abnormalities are associated with con¬ 
duction perpendicular to the trigonal axis, parallel the behavior is 
more normal Perpendicular to the axis at 0° C the resistance in¬ 
creases under pressure, ns it does in the haphazard aggregate, and at 
first the rate of increase increases with rising pressure, but presently 
there is a point of inflection near 6000 kg, and above this pressure 
the rate of increase decreases with rising pressure At 95° C on the 
other hand, the resistance decreases under pressure, which is the 
nbrmul behavior for most metals, but the curvature is anomalous, 
at low pressures the rate of decrease itself decreases with rising 
pressure, but there is a point of inflection, and above this the rate 
increases At the intermediate temperature at 50° C the behavior 
is a compromise between that at 0° and 95°, at low pressures the 
resistance increases, but passes through a maximum and from here 
on decreases This is the first example of a maximum resistance as 
far as I know, it is to be set by the side of the minimum resistance 
which I have recently found for caesium 
This unusual behavior was \enfied on two samples On the re¬ 
petition, more care was taken m the preparation of the sample, es¬ 
pecially in being sure that the current leads made soldered connections 
across the entire section of the specimen, so that any fissures developed 
between the cleavage planes would not have the effect of insulating 
part of the sample from the rest and so changing the resistance The 
results found with the two samples agreed at the maximum pressure 
within 0 2% of the total resistance at 0° C , and 0 5% at 95° 
Measurements on the sample with the axis at 42 5° to the length 
gave normal results in that the resistance increases under pressure at 
all temperatures, and the curvature is normal, the rate of increase of 
resistance under pressure also increasing with pressure, but the tem¬ 
perature effect is unusual in that the rate of increase at the higher 
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temperatures is relatively and absolutely less than at the lower tem¬ 
peratures I made a further attempt at resistance measurements an 


TABLE II 

Resistance or Antimony under Pressure 


Trigonal aria 90* to length 

Pressure 


Redstone* 


kg /cm* 

0*0 

ao*c 

96*0 

0 


1 2450 

1 4830 

1000 


1 2400 

1 4806 


mmwo'Au* 1 ^ 

1 2481 



1 0140 

1 2506 


4000 

1 0204 

1 2533 

v/£ 


1 0275 

1 2561 

af 't S^BMi: 


1 0347 

1 2587 


7000 

1 0416 

1 2010 

1 4674 


1 0479 

1 2628 

1 4645 



1 2640 

1 4610 

10000 

BliWilvi ■ 

1 2646 

1 4575 

11000 

1 0622 

1 2645 

1 4530 

12000 


1 2032 

1 4475 

Trigonal axla 42° 5 to length 

Pressure 


Resistance 


ltg/cm« 

o*c 

60* C 

96* C 

0 

■ 

■VIM 

1 3732 

1000 

9136 


1 3825 


9242 



■HBTu.iHk 

9351 

hubb 

1 3992 

4000 

9473 


1 4089 


9607 

1 1903 

1 4195 

| 6000 

0700 

Bl 

1 4208 

7000 

9913 

1 2161 

1 4411 



1 2302 

1 4523 

miiwi i 1 i^^B 

1 0218 

1 2435 

1 4638 

10000 

1 0370 

1 2567 

1 4765 

11000 

1 0523 

1 2700 

1 4872 

12000 

1 0070 

1 2834 

1 4987 


a sample with the cleavage planes inclined at 66° to the length, but 
these were not successful, there being very large permanent changes 
of resistance after every application of pressure This is doubtless 
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due to the opening of fissures between the clea\ age planes, for which 
the viscosity of the transmitting medium must have been responsible 
The results obtained with the 90° and the 42 5° specimens are 
shown in Table II and Figure 8 These give the measured resistance 



7 8 

Praaure, Kg / Cm 1 X 10 * 
Antimony 


10 II 12 


Fioure 8 The relative resistances at 0°, 60°, and 95° C of antimony as a 
function of pressure in two different directions m the crystal The full lines 
sliow the resistance 90° to the trigonal axis, and the dotted lines 42 5° to the 
axis 


at intervals of 1000 kg at 0°, 50°, and 95° C m terms of the resistance 
at 0* C for the 90° direction as unity. The figure brings out the very 
interesting result that the abnormalities under pressure are connected 
with the abnormal result found at atmospheric pressure that the 
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resistance across the clea\ftge planes is less than that at right angles 
At high pressures, this heha\ior is reversed, and the resistance across 
the cleavage planes becomes greater, as we have found it for all the 
other metals In this respect the effect of pressure is to compel a 
return to the normal type of behavior Furthermore, the return to 
normal appears to be more rapid at the higher temperatures, and is 
connected with the unusual temperature effects 

We may now obtain from the coefficients of measured resistance 
approximate values for the coefficients of specific resistance, using for 
the elastic con stunts at all temperatures the values found at room 
temperature (the error so introduced must lie small) We find in 
the first place that the initial pressure coefficient for the 90° direction 
of the axis is + 10 5 X 10~ 7 at 0° C and — 1 7 X 10“ 7 at 95° C 
For the 42 5° direction, the initial pressure coefficients of specific 
resistance are respecti\ely + 90 4 X 10“ 7 and + 66 4 X 10~ 7 
t'sing now formula C, we find for the 0° direction of the axis that the 
initial pressure coefficient of specific resistance at 0° C is 172 X 10~ 7 
and 131 X 10~ 7 at 95° C These are of the same order of magnitude, 
but less, than found for bismuth 

Elastic Constants The rectangular constants were obtained in the 
first place by measurements of the linear compressibility parallel and 
at right angles to the ti igonal axis, equations 1 and 2 The specimens 
used for these measurements have already been described in con¬ 
nection with the thermal expansion measurements Secondly, 
measurements were made oi the longitudinal compression and two 
transverse expansions under one-sided compression of an unmachined 
casting with cleavage planes parallel to the length, giving direct 
values for s lit and s u, in equations 3, 4, and 5 Thirdly, a meas¬ 
urement of the extension under tension of a natural casting with the 
cleavage plane parallel to the length gives another independent direct 
value for an, equation 6 The shearing constant a 44 was determined 
bv a torsion measurement on a single specimen with cleavage plane 
parallel to the length, equation 7 The cross constant an I attempted 
to get from measurements of the extensions under tension of tw r o 
inclined rods, hut one of these had to be discarded, the casting being 
curved, and so receiving additional curvature under tension The 
data retained for a M are in equation 8 The equations follow 


(1) 

*ii 4 1 (it 4" #t» * 5 40 X 10“°, 

(2) 

+ 16 84X 10-'*, 

(3) 

—93X10-°. 
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(4) 

an - 17 6 X t0-“, 

(5) 

s„ *= — 4 2 X 10-”, 

(6) 

»n - 17 8 X 10-'*, 

(7) 

2(»n —*u) + a u - 84 0 X 10- 1 *, 


(8) 908Jii + 002#„ + 0445(2# i, + s u ) — 

0 396#m = 20 3 X KT 1 

We have thus 8 equations for the (> constantw An additional cheek 
is given by the cubic compressibility to be calculated from equations 
1 and 2 This is found to be 27 04 X 10~ n against 24 (given to only 
two significant figures) by Richards 8 The agreement is probably 
within experimental error, and I have accepted equations 1 and 2 as 
correct Equations 4 and 0 give two direct values of An differing by 
about 1% 1 have taken the mean of these two values This value 

of #n, together with the direct values of #i a and #i», should satisfy 
equation 1, but does not exactly I have adjusted the values of #i* 
and #n m equations 3 and 5 by equal percentage amounts to satisfy J 
Equation 2 now gives a value for #** for which there is no check, but 
which must be fairly good, since it involves the sum of two quan¬ 
tities Equation 7 gives a single value for # 44 , which is also fairly 
good, the measurements being easy and the difference involved being 
that of two quantities one twice the other Equation 8 now gives a 
single value without check for #i 4 , this value lias much greater error 
than any of the others, since it was obtained from the difftrence of 
two quantities nearly equal (20 3 —171) The final values for the 
constants obtained in this wa> are, in Abs C G S units 

#n « 17 7X10“”, 

#u = —3 8 X 10“ 12 , 

#u * — 85 X 10“ M , 

#„ - 33 8 X 10-”, 

# 44 « 41 0 X 10“ ls , 

#i4 = — 8 0 X 10“” 

The sign of #u is the opposite of that found for bismuth There 
does not seem to be any normal sign for this constant, but among the 
minerals examples of both signs have been found by Voigt 



366 


BRIDGMAN 


Finally we have the linear compressibility as a function of pressure 
The measurements were made in the regular way with the ie\er ap¬ 
paratus for short specimens, and the consistency of the results was 
that usual for this kind of measurement The results are as follows 
Parallel to trigonal axis 

— ~ - 16 48 X 10~ 7 p — 20 5 X 10~ V. 

10 

= 16 37 X 10~ T p —18 0 X 10-'V. 

Perpendicular to tngonal axis 

— y = 5 256 X 10~V — 4 56 X lO-'V, 

la 

= 5 091 X 10“ 7 p — 8 04 X 10"V> 

This gives for the cubic compressibility 
AV 

— 2G99X 10~ 7 p — 31 6 X 

* 26 55 X l<T 7 p — 25 3 X 10-V. 

The unit of pressure is here the kg/cm ? 

The decrease of compressibility with rising temperature, both m 
the first and the second degree terms, is an unusual feature of the 
behavior of antimony 

Tellurium The material used in all the final measurements was 
obtained from the Raritan Copper Works, who were so kind as to 
especially refine it for me in order to " completely 99 remove the 1% 
of selenium which is the principal impurity of the ordinary com¬ 
mercial material Professor Saunders was kind enough to make a 
spectroscopic examination, and could find no selenium, but the spec¬ 
troscopic test is known not to be sensitive He did find some A* 
and Cu, but no Fe, and considers it on the whole very pure 

Tellurium shows the same difficulty as bismuth in growing single 
crystal grains, but in an enhanced degree, in that the casting is very 
likely to consist of a number of grains aU oriented very much alike 
Toward the end of this work I found that this could be avoided by 
rapid cooling, and I obtained several rods 6 mm in diameter winch 
were single grains The preferred direction of growth is exactly the 
same as with the other metals, that is, with the plane of easiest 
cleavage parallel to the axis of the casting. The analogy with the 
other metals ceases here, however, for in tellurium the cleavage on the 


at 30° C 
at 75° C 

at 30° C 
at 75° C 

at 30° C. 
at 75° C 
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basal plane, perpendicular to the axis of three-fold symmetry, is not 
at all well developed, but there are three planes of principal cleavage, 
inclined at 60° to each other and intersecting along parallel lines 
parallel to the axis of three-fold symmetry The preferred direction 
of growth is with all three planes parallel to the axis of the casting, 
that is, with the three-fold axis parallel to the length, whereas with 
the other metals the axis of rotational symmetry is usually perpen¬ 
dicular to the length Inclination of the cleavage planes to the length 
is facilitated by rapid crystallization The limiting velocity which 
I was able to use for the 6 mm rods, with a wall thickness of the glass 
mold of about 1 mm was about 1 cm per minute, lowering into oil 
More rapid cooling produces crystallization in quite a different way, 
numerous nuclei starting at the walls, and growth proceeding radially 
toward the center, so that a microscopically crystalline aggregate is 
obtained, with the axes of all the grains on the radii of the cylinder* 
In fact one casting of this character was obtained with the 1cm rate. 

I found that the practice sometimes adopted of melting tellurium 
m an iron receptacle is fatal to purity, the alloying with iron, particu¬ 
larly at the higher temperatures, being comparatively rapid 

There is one difficulty unique to tellurium among the metals I have 
tried The thermal expansion along the axis is abnormal in being of 
the negative sign, so that when the mold is cooled the metal expands 
greatly relatively to the glass along the length, and sometimes pulls 
the glass apart This is a disadvantage, because internal strains are 
thereby produced which in this very brittle metal may produce partial 
separation of the cleavage planes When I have occasion to try this 
metal again, I shall make the mold of as thin glass as possible 

Thermal Expansion. This was measured in the regular way with 
the regular apparatus, using two specimens whose linear compressi¬ 
bility was also measured One of these was parallel to the trigonal 
axis, and was a single piece 2 7 cm long The second was perpen¬ 
dicular to the trigonal axis (one set of cleavage planes perpendicular 
to the length) and was also one piece, but was only 11 cm* long The 
thermal expansion for a small range in the neighborhood of room 
temperature was 

*t- +272X 10“*, 

The expansion is positive, as is normal, across the cleavage planes, 
that is, the cleavage planes tend to separate at the higher temper¬ 
atures, presumably resulting in easier cleavage* 
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The volume expansion given by the linear expansions above is 
62 8 X 10*"*, which is normal m magnitude for a metal, 

Electrical Resistance The resistance measurements on tellurium 
were often inconsistent, doubtless because of the formation of fissures 
along the cleavage planes by the internal stresses incident to coding. 
1 have made no measurements of the temperature or pressure coef¬ 
ficients, but have made a careful examination of the specific resistance 
Even the best castings were not uniformly good, but have bad places 
in them, so that Jt is necessary to make a very careful examination. 
Resistance was measured in the regular way with the potentiometer 
but the potential terminals were only 1 cm apart, and these were 
moved along the specimen by small amounts (a few mm at a time) and 
a resistance exploration made of the whole rod It was usually possible 
to find lengths of several cm over which the resistance remained 
constant and a minimum The specific resistance was calculated 
from the resistance of these localities The results are shown in 
Figure 9, together with the curve of the most probable resistance 



0° 10° 20° 30° 40° 50° 60° 70* 60° 90° 

Tellurium 

Figure 9 The specific resistance of tellurium at 20° C as a function of 
the angle between the trigonal axis and the direction of flow 

I attempted to get the resistance perpendicular to the cleavage 
planes by the device of measuring the longitudinal resistance of one 
of the radially developed castings described above, but the values so 
found were impossibly high and had to be discarded The explana¬ 
tion is without doubt to be found in fissures developed m the radial 
casting during cooling because of unequal thermal contractions in 
different directions 

The figure gives for the specific resistance at room temperature 
parallel to the trigonal axis 0 056 and perpendicular 0 154 Hie 
resistance is thus greatest across the cleavage planes, which is normal. 
The average resistance for the haphazard aggregate may be found to 
be 0 0973 ohms per cm cube at 20° C 
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This value for the resistance is much higher (30 tunes) than that 
which I have previously found for a specimen whose resistance under 
pressure I have measured, 4 and is doubtless to be explained by the 
much greater purity of the present specimen So far as 1 know, this 
is the only example of the resistance being increased by increasing 
purity It is perhaps not so surprising when one considers that 
tellurium is non-metallic in character m many respects, and that its 
specific resistance is of the order of 10000 times higher than that of 
its metallic impurities 

Comparisons of the value of the specific resistance found above 
with other values are of uncertain significance, because the higher 
resistance which we hwe seen to go with higher purity may equally 
well be explained by the presence of the fissures which are almost 
unavoidably formed tn the crystalline aggregate However it is 
worth while to record that Beckman 17 has found for the specific 
resistance values ranging from 0 05 to 0 62, and Matthiesen 18 gives 
the values 0 2 These are of the order of that given above 

Elastic Constants Tellurium has six elastic constants, as do also 
bismuth and antimony, but 1 was not able to obtain a specimen of 
suitable orientation, and therefore have no value for the cross con¬ 
stant 9u The other constants were obtained as follows In the 
first place there are measurements of the linear compressibility in 
two directions, equations 1 and 2 Then there are direct determina¬ 
tions of and #i* from the longitudinal compression under one-sided 
compression of an unmachined casting with length parallel to the 
trigonal axis, equations 3 and 4, a direct value of from the lateral 
expansion under one-sided compression of one of the compressibility 
pieces, equation 5, and another direct value for #u from the extension 
under tension of an umnactnned rod, equation 6 For the shearing 
constant s u there are torsion measurements on two rods with axis 
parallel to the length, giung directly (without the use of the other 
elastic constants) values of 3u, equations 7 and 8 The equations for 
the constants follow 


(1) su + s lt + * ll » 28 0X 10r« 

(2) 2»ii + i«-— 42X10-*, 

(3) *„«244X 10t» 

(4) 12 2X10-*, 
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(5) 

6 85X 10"“, 

(6) 

- 23 7 X 10-“, 

(7) 

tu = 56 8 X 10~“, 

(8) 

*« = 594X 10-“ 


In selecting the compromise values to fit these equations, I assumed 
as always that the linear compressibility measurements are correct, 
although there is in this case no check by means of the cubic compressi¬ 
bility, which apparently has not been measured previously For the 
two constants *« and *n, there are four equations to be satisfied 
I made 2 exact, doing as little violence to the others as possible. The 
adjustment necessary was not senous, so that these constants must 
be regarded as fairly well established For the two constants *n 
and Sm we have only two equations 1 and 4 and there is no check, 
but nevertheless the results must be fairly good, because *u is the 
result of a direct measurement, and *u is the sum of positive terms 
Finally for j 4 « we have the mean of equations 7 and 8, differing from 
each other by 4 5% The find values for the constants in Abs. C 
G S units are 

*n » 48 7 X 10-», 

*i. « — 09 Xltr u , 

in - — 13 8 X Hr”, 

«u * 23 4 X 10“ u , 

*4 - 58 1 X 10+ r , 

*14 * - 

For the linear compressibilities as a function of pressure we have 
measurements in the regular way and with the usual accuracy on 
specimens already described. The results in kg/cm* units for pressure 
are 

Perpendicular to trigonal axis, 

l 
l 


2748 X 10-*p-52.7 X lO'V, at30° C. 
27 77 X 10^p — 53 6 X W*?, at 75° C. 
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Parallel to trigonal axis, 

+ y -4137X 10- T p — 96 X MTV. at30°C. 

- 5 132 X 10" 7 p —13 2 X 10"V. at 75° C 

Notice the astonishing fact that the compressibility along the 
trigonal axis is negative, that is, when the crystal is subjected to a 
hydrostatic pressure all over it elongates along the trigonal axis This 
result I have already found for a casting made by slow cooling, but 
the precise numerical value was not obtained Of course the cubic 
compressibility is of the normal sign, as may be seen from the very 
much larger compressibility of the normal sign in the perpendicular 
direction, and as it must be because of conditions of stability 

The cubic compressibility to be obtained from the above linear 
compressibilities is 

AV 

— til = 50 82 X 10“ 7 p —1011 X 10- l V. at30°C 

- 50 41 X 10~ 7 p — 85 6 X 10“ V. at 75° C 

Hie cubic compressibility thus decreases at high temperatures. 
The compressibility is about twice that of antimony If one tries 
to connect this value of the compressibility with the periodic proper¬ 
ties of the elements, as Professor Richards 9 has done with his curves 
of compressibility, it will be found that when plotted as a function 
of atomic weight m the usual way it fells entirely off the curve, 
coming after iodine in weight and being much less compressible 
But when plotted against atomic number, the relative positions of 
iodine and tellurium are reversed, and the compressibility now comes 
between that of antimony and iodine, as does also the atomic number. 

Tin The material used was sometimes melting point tin from the 
Bureau of Standards (the analysis has been published m connection 
with my previous work on compressibility and resistance, the total 
impurity being about 0 012%), and sometimes Kahlb&um’s purest 
tin There appeared no difference between tin from the two sources, 
the electrical resistance being the same, and they have been used in¬ 
discriminately in obtaining the final results 

Tm is among the more difficult, of the metals tried here, to produce 
in single grams, there often being a reversion from one gram to an¬ 
other so that tlle first part of the rod is one grain and the rest another 
of entirely different orientation Hie slowest rates of crystallization 
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produced the best results It is also necessary to pay scrupulous 
attention to removing all specks of dirt and all occluded air. There 
seems no such unique preference as to manner of growth which some 
of the other metals show, but the axis of four-fold symmetry prefers 
to be cither parallel or perpendicular to the length of the casting, I 
obtained no castings with angles between 20° and 74° 

More trouble was experienced in locating the axes of the crystal 
than with most other metals Before the necessity of scrupulous 
freedom from all film of oxide on the surface was recognized I ob¬ 
tained several rods which appeared at first sight to be single crystals, 
but later were found to be multiple This is probably connected in 
some wav with the polymorphic transition which tin experiences on 
cooling below 160° I found that the existence of several grains 
could be brought out by etching with dilute HC1 with a few per cent 
chromic acid Doubtless the reflection pattern shown before etching 
is that appropriate to the high temperature modification, whereas of 
course, the etching brings out the actual present structure of the 
crystal With removal of all oxide and the obtaining of perfectly 
dean castings, this difficulty disappeared, however It would seem 
that the surfaces of the microscopic pits undergo change also on 
passing through the transition point if there is no surface coating to 
hinder them 

The reflection pattern of the ordinary modification shows perfectly 
the tetragonal symmetry of tin, and affords a perfect method of 
identifying the crystallographic axes, but I nevertheless experienced 
considerable trouble at first because it appears that tin does not 
develop the basal plane perpendicular to the tetragonal axis as one 
of the surfaces of the reflection pattern, as do most of the other metals 
The pattern which is usually developed is composed of the {111} 
and the {11 0} planes Of course all these planes do not usually 
appear, because of unfavorable situation for reflection I found that 
the construction of a card board model of the complete reflection 
pattern was of considerable assistance. 

Examination of the reflection pattern may well be supplemented 
by examination of the mechanical flow pattern, particularly that 
obtained by compressing a short cylinder between polished steel 
plat ten s For some orientations slip takes place discontinuously on 
the basal planes with a slight click, leaving a beautiful tracery of 
parallel slip lines on the flat faces. In other orientations the circular 
section of the cylinder changes into a perfect ellipse, the generating 
lines of the cylinder remaining straight. I tried to develop the 
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possibility of cleavage in tin by violent deformation at liquid air tem¬ 
peratures, but the plasticity persists and no cleavage appears A 
similar attempt with cadmium was also without success 

After the special details of growth and identification had been 
worked out, I was successful m obtaining castings of all sizes from 
2 mm to 2 2 cm m diameter 

Thermal Expansion The determmations were made in the 
regular way on the same specimens as those used for the linear com¬ 
pressibility. These were machined from a larger casting The 
specimen perpendicular to the tetragonal axis was a single piece 
2 76 cm long, the parallel specimen was m two pieces of total length 
244 cm 

The results for a small range of temperature in the neighborhood 
of room temperature are 


- 15 45 X 
an * 30 50 X 10“* 

The expansion is nearly twice as great along the axis as at right 
angles, this is the normal direction of difference 
The average thermal expansion for a haphazard aggregate given by 
the above is 20 4 X 10“* This may be compared with 22 3 at 40° C. 
by Fizeau, and 23 0, mean between 0° and 100°, by Matthiesen The 
difference is in the direction and of approximately the magnitude 
to be accounted for by the difference of temperatures 
Electrical Resistance The specific resistance at room temperature 
was measured by all three methods described in the introduction 
The crystal structure of tin seems less likely to be upset by machining 
than that of some of the other metals (the deformabihty not being 
as extreme as it is for cadmium and there being no cleavage) and 
much more consistent results were obtained with the methods re¬ 
quiring machining than were obtained with the other metals 
The collected results for the specific resistance at 20° C are shown 
in Figure 10 The circles are the results for the natural unmachined 
rods, the crosses for the machined 3 mm rod between copper ter¬ 
minals, and the crosses within the circles the data obtained by the 
four point method The results with the unmachined rods are to 
be given the greatest weight, and they all seem to he on the theoretical 
curve with an error considerably less than 1% The specific resist¬ 
ances to be deduced from the figure are 9 90 X 10~* perpendicular to 
the tetragonal axis, and 14.30 X 10"* parallel to the axis. 
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The* average specific resistance for a collection of haphazard crystals 
calculated from the above is 11 06 X 10"* This is materially less 
than the value 11 5 at the same temperature given in the Bureau of 
Standards circular The difference is in the direction to be accounted 
for by greater purity of my sample 



The variation of resistance with temperature at atmospheric 
pressure was measured for the two unmachined rods inclined at 11° 
and 74° with the length The 11° rod was measured up and down 
the temperature range with a very small permanent change of re¬ 
sistance, the 74° rod was only measured up, and at the two extremes, 
but the permanent change of resistance after a pressure change of 
12000 kg was inappreciable, so that there is every reason to anticipate 
no trouble with the temperature effects 



11° rod 

74* rod 

Temperature 

Resistance 


0° 

1 000 

1.000 

25 

1107 


50 

1217 


75 

1330 


100 

1446 

1464 


The temperature coefficient thus appears greatest perpendicular to 
the axis, which is the direction in which the resistance is least, so 
that the differences of resistance with direction become less accen- 
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tuated at higher temperatures The temperatures coefficient of 
specific resistance in these two directions may be found to be 0 00446 
at 11° (correction inappreciable), and 0 00467 at 74° Now to find 
the temperature coefficients of specific resistance along and at right 
angles to the axis we have two simultaneous equations m terms of 
the values for the 11° and the 74° directions Solving the equations, 
we find for the average temperature coefficient of specific resistance 
between 0° and 100° C 

Parallel to the tetragonal axis 0 00447, 
Perpendicular to the tetragonal axis 0*00469 

I have previously found for the mean coefficient of measured re¬ 
sistance of extruded wire of Kahlbaum’s tm the value 0 00447, es¬ 
sentially the value above for the direction parallel to the axis 

The effect of pressures to 12000 kg on the resistance at 0° and 95° 
C was measured oil the same 11° and 74° specimens discussed above 
The usual method was used with the usual accuracy, the deviations 
from a smooth curve of the average reading being of the order of a 
few tenths of a per cent The resistance decreases under pressure, 
as is normal, and the rate of decrease itself becomes less at the higher 
pressures At 0° C the relation between pressure and resistance 
was representable by a second degree equation m the pressure within 
the limits of error, but at 95° the relation could not be given so simply 
I have represented the results at this temperature in the way previ¬ 
ously adopted, namely giving the average pressure coefficient between 
0 and 12000 kg, and tabulating in addition as a function of pressure 
the correction term which must be added to the decrease of resistance 
calculated by a linear relation with the mean coefficient The results 
follow 

Tetragonal axis 11° to length 

0°C — 1043X10-'i> — 935X 10-V. (pmkg/cm*) 

if* 

96° Average coefficient to 12000 — 9 570 X 10“* 

The deviations from linearity are given in Table III 

Tetragonal axis 74° to length. 

0° C. — ^-9096 X 10-*|> —9 70 Xl(Hy, 

«• 

Average coefficient to 12000 — 8.453 X 10~* 


95' 
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The deviations from linearity are given in Table III 


Protfuro 

TABLE III 

Deviation* from Linearity 

kg/cm* 

n°rod 

74* rod 

0 

00000 

00000 

1( XX) 

00146 

00118 

2000 

257 

202 

3000 

335 

268 

4000 

398 

309 

5000 

420 

333 

6000 

409 

325 

7000 

370 

295 

8(XX) 

325 

258 

9000 

263 

204 

10000 

191 

148 

11000 

107 

81 

12000 

00000 

00000 


This method of representing the results will be made clearer by an 
example Thus suppose we wish to find the change of resistance at 
95° C of the 74° rod under 8000 kg/cm 8 The decrease calculated 
by the linear relation, using the average coefficient above, is 
8000 X 8 453 X 10“ ft , which is equal to 0 06762, To this is to be 
added the deviation from linearity given in the table for 8000 kg, 
or 0 00258, making for the decrease 0 07020 That is, the resistance 
of this rod at 95° C under 8000 kg is 0 92080 of the resistance at 
atmospheric pressure at 95° C 

The above results show that the decrease of resistance under 
pressure is most rapid in the direction of the axi9, that is, the direction 
m which the specific resistance is the greatest The differences of 
resistance with direction in the crystal thus become less accentuated 
at high pressures This is also the effect of increasing the temperature; 
it is more usual that the effect of an increasing pressure is similar to 
that of a decreasing temperature The pressure coefficients of re* 
sistance in different directions vary much less than the specific re¬ 
sistances in those directions, so that the equalising of resistance by 
pressure is a very slow process 

With the values of the elastic constants to be given presently we 
ma> calculate that the initial pressure coefficients of resistance at 
0° C are 

Tetragonal axis 11° to length — 1 095 X 10" 4 , 

" “ 74° « « — 1.035X 10-* 

Hie difference of measured coefficient with direction is hence nearly 
the same as the difference of specific coefficient with direction. 
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The formulas of the introduction now enable us to find the pressure 
coefficient of specific resistance perpendicular and parallel to the 
axis We find at 0 ° C 

Initial pressure coefficient of specific resistance 
parallel to the axis — 10 96 X lO ^ 8 

Initial pressure coefficient of specific resistance 
perpendicular to the axis — 10 28 X 10 “ 8 

Elastic Constants Tm being tetragonal, has six elastic constants 
It differs from the metals hitherto measured in that there are two 
independent shearing constants, so that it is necessary to somewhat 
modify the procedure It is fortunate that castings could he ob¬ 
tained with the axis nearly parallel and nearly perpendicular to the 
length The following equations were obtained for the elastic con¬ 
stants 

(1) 2*,, + *,.** 6 83 X 10 r-» 

(2) at, + *„ + *„ - 6 13 X 10 “» 

(3) *,» - 17 3 X 10-k 

(4) 9876#,i + 0037(2*,, + #„) + 0012(2#,, + *«) - 20 3 X !&-«, 

(5) 9876#u + .0037(2*,, + s u ) + 0012 ( 2 #,, + #„) = 15 2 X 10 ~ u , 

(6) 9540*,, + 0168(2*,, + # 44 ) + 0001(2*,, + *«) - 22 2 X 10“« 

(7) 0012#u + 9283*,, + 0351(2*,, + *«) * 20 1 X 10" 18 , 

( 8 ) 9662(*j, —#,,) + 4834*44 

+ 0167{2(#,, + *„ — 2#i,) 

+ §(*«— * 44 )}+ 4709{#« — 2(#,i — #i,)l ~ 837X 10-« 

(9) 9926(#u — *„) + 4963*44 

+ 0037 {2(*u + #,,— 2#,,) 

+ i(*«-*«)} + 4926{#« — 2(#,, — * 1 ,)) - 106 X 10"« 

(10) 0013(*ji —*„) + 9290*44 

+ 0352{2*u + 2*1, — 4#u — }#4, + $#••} ■* 56 8 X 10 r u . 

The equations are more complicated than for the previous sub¬ 
stances Hie complication arises from the fact that when deformations 
are measured of rods inclined to the axis, it is necessary to know the 
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position of the three crystallographic axes, instead of merely the 
axis of rotational symmetry, which sufficed m all previous cases 
except for the constant *u of the trigonal system The equations 
were obtained as follows 1 and 2 are given by linear compressibility 
measurements of the samples already described under thermal ex¬ 
pansion These equations are taken as correct m the calculations 
A check is afforded by the cubic compressibility calculated from them, 
which is 19 09 X 10~~ 13 , against 18 7 by Adams, Williamson, and 
Johnston, and 19 by Richards Equation 3 comes from the longi¬ 
tudinal compression under one-sided compression of one of the com¬ 
pressibility samples 4 comes from the longitudinal compression 
under one-sided compression of an unmachmed casting with axis at 
86 5° to the length, 5 from the extension under tension of the same 
rod as used in 4, and 6 from the extension under tension of an un- 
machined rod with axis at 82 5° to the length 7 is from the ex¬ 
tension under tension of an untouched rod with axis at 11° to the 
length 8 and 9 are from torsion measurements of the rods of equa¬ 
tions 4 and 6, and 10 from torsion of the rod of equation 7. 

It will be noticed that some of the equations contain predominantly 
only one of the constants, as 4, 5, and 6 contain predominantly * u 
Hence, in these, very rough values for the other constants will suffice, 
which may be obtained by a solution of a sufficient number of the 
other equations In solving the equations I first obtained the value 
of *u from 3, 4, 5, and 6 (using the approximate values of the other 
constants as already explained) The values so found were 
17 3 X 10“ u , 20 2, 21 4, and 15 2 respectively. As the best value of 
*u I took the average, 18 5 X 10~ u Equation 7 gives a value of 
*u, 11 8 «* 10~“ These values now substituted into 1 and 2 give 
the values accepted as final for *« and *u This completes the list 
of rectangular constants For the shearing constants there are 
equations 8, 9, and 10 8 and 9 are of approximately the same form, 

and I took the average of these, averaging the coefficients straight 
through The average differs from the extremes by something of 
the order of 15%, so that the accuracy is not high Equation 10 
differs m form markedly from the average of 8 and 9 These two 
equations were now solved simultaneously for *u and *m 

Of the constants obtained by the procedure above it will be seen 
that there are no checks on *«*, s l% , and * w The first erf these should 
be fairly good, since it is given essentially by direct measurement 
The two others are less certain The check on the shearing constants, 
which consists of three equations for two quantities, is not as close 
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as desirable, but tbe essential result cannot be in doubt that is 
much larger than £<< 

The final results are 

Sn m 18 ft X 10““, 

Sit 99 X 10"“ 

*»,*-25Xm 

- 11 8 X 10““ 

8" m 57OX 10 
s» « 135 X 10““ 

The second shearing constant *•« differs greatly from the value 
which it would have in the hexagonal, trigonal, or cubic systems In 
these systems we have the relation #•« *= 2(* M —»i») Substitut¬ 
ing the values above for tin, the right hand side of the equation 
becomes 56 8 against 135 experimental, or less than half. 

We have finally the linear compressibility as a function of pressure 
to 12000 kg. The measurements were made in the small lever ap¬ 
paratus, using the specimens described under thermal expansion 
The data were of the usual regularity, and gave the following results, 
pressure in kg/cm* 

Length perpendicular to tetragonal axis 

- 6.022 X 10- 7 p —420X10-V. at30°C. 

-6144X lO^p —4 26X 10"V. at75°C 

Length parallel to tetragonal axle 

—6719 X 10- T p — 4.07X 10"V. at30*C 
* -6966 Xlfr- T p — 391 X lOr'V, at75°C. 

The linear compressibility is thus greatest across the basal plane, 
which is normal Hie difference of compressibility in different di¬ 
rections is, however, much less than normal. 

The change of volume as a function of pressure is: 

—1876 xi<Hp—13.6 xio-v* utarc 

’ - 19.24 X 10-»p —13.7 X MTV. *t 76° C. 
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Magnetic Properties 

A very rough examination was made for differences of magnetic 
permeability in different directions The single crystal, in the form 
of a cylinder about 1 25 cm in diameter and 2 8 cm long, was sus¬ 
pended by a comparatively heavy strand of silk with its axis vertical 
l>etween the conical poles of an electro-magnet giving something of 
the order of 15000 Gauss The principal axis of the crystal was per¬ 
pendicular to the vertical axis of the cylinder Any tendenc> to 
orientation in a definite direction was observed Results were found 
only with bismuth and antimony, and here the effects were large, 
there being a very strong directive action Bismuth sets itself with 
the trigonal axis parallel to the lines of force That is, the magnetic 
permeability is algebraically greatest along the trigonal axis in 
bismuth This observation was made a long time ago, perhaps 
first by Tyndall But antimony acts oppositely, setting itself with 
the cleavage plane parallel to the lines of force The action is, if 
anything, stronger than in bismuth So far as I know, this observa¬ 
tion is new 

No effect was found with the other metals This may have been 
partially masked by the very sluggish action in the magnetic field 
due to eddy current dumping An interesting effect was found with 
tin There is no effect on making the magnetic field, but if the field 
is destroyed when the tetragonal axis is inclined to the lines of force, 
there is a rotational kick, m such a direction as to allign the tetragonal 
axis and the magnetic lines The kick vanishes if the axis originally 
lies along the lines of force The effect is evidently due to a reaction 
between the eddy currents induced in the tin and the magnetic field, 
the eddy currents not being in the plane perpendicular to the lines of 
force when the axis is not parallel because of the inequality of specific 
resistance in different directions The effect was not found with the 
other metals, the difference of resistance of tin in different directions 
is greater than of the other metals 

Summary and General Survey of Results. 

In Table IV are collected some of the principal results, namely the 
linear compressibilities, the two elastic constants #n and * u which 
give the extensions under simple tensions in the principal directions, 
the thermal expansion, the specific resistance, the temperature coef¬ 
ficient of specific resistance, and the initial pressure coefficient of 
specific resistance In the detailed presentation, all the elastic 
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constants are given, and the effect of pressures to 12000 kg/cm* on 
the other properties In addition to the results on non-cubic metals 
shown in the Table, the elastic constants and compressibility of a 
single tungsten crystal have been determined 

It is evident that the cleavage plane, or plane of easiest slip m 
case the crystal does not cleave (this plane is also the basal plane 
perpendicular to the axis of rotational symmetry for all the metals 
except tellurium), corresponds to some fundamental fact in the 
crystal structure which is reflected in the other properties The 
atoms are connected more loosely across the cleavage plane, so that 
external forces produce greater effects m this direction than in othera. 
The linear compressibility is always greatest across the cleavage 
plane, and m fact in the case of tellurium the linear compressibility 
is negative in the cleavage plane The extensibility under tension 
(effective Young’s modulus) is &1bo greatest across the cleavage plane, 
with the exception of tin, in which the reversal is rather surprisingly 
large in magnitude The thermal expansion is also greatest across the 
cleavage plane, and m the case of tellurium the expansion in the 
plane is actually negative The specific resistance is also greatest 
for current flow across the cleavage plane, with the exception of an¬ 
timony, which, however, constitutes only a temporary exception, as 
it becomes normal under high pressure The temperature coefficients 
of resistance do not seem to show large variations with direction, 
with the exception of antimony, which again may be regarded as a 
temporary anomaly disappearing at high pressures The effect of 
pressure on specific resistance is also greatest across the cleavage 
plane, whether that effect is an increase or a decrease of resistance 
(tellurium not measured) 

A detailed examination does not show any striking quantitative 
uniformities, but in general the statement is justified that the various 
electrical properties show much less variation with direction than do 
the elastic properties or the thermal expansion* This is in general 
agreement with what we might expect, the elastic constants being 
intimately associated with a property of the atoms somewhat like 
that of a rigid boundary, which prevents them from telescoping into 
each other when pushed together, whereas the rigid boundaries do 
not so effectively exist for that migration of the electrons which eon* 
stitutes the electrical current* 

The most interesting special results are probably the negative ex¬ 
pansion and compressibility of tellurium along the axis, the maximum 
of resistance and the reversal of the axial ratio at high pressures 
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of antimony, and the two new high pressure modifications of 
cadmium. 

We are not yet in a position to give a theoretical account of these 
results, so simple a thing as the shearing constant of rock salt being 
as yet unexplained It is perhaps significant that the shearing con¬ 
stant of a crystal of tungsten has been found to be connected with the 
other two constants by nearly the same relation as in an isotropic 
body 

It is a pleasure to acknowledge the assistance received from Mr 
Walter Koenig m making most of the measurements of this paper 

Tbs Jefferson Physical Laboratory. 

Harvard University, Cambridge, Mass 
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Introduction 

The alkali metals are the most compressible of the metals mid it is 
therefore probable that they will show the most interesting and sig- 
nificant variations of physical properties under high pressure I have 
previously published the results of various high pressure measure* 
meats on lithium, sodium, and potassium , 1 but have not examined 
the two heaviest and most compressible members of the series, 
rubidium and caesium The reason for this omission has been two 
fold the manipulations offer certain technical difficulties, and it is 
not easy to obtain a sufficiently large quantity of these two metals 
in a state of high purity 

In this paper are given new results on rubidium and caesium con* 
ceming those same properties which have been previously measured 
for the three lighter metals. These properties indude in the first 
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place a determination of the effect of pressure on melting up to 100° C , 
which involves the determination of the effect of pressure on the 
melting temperature and on the difference of volume between liquid 
and solid (from which the latent heat of melting can be calculated as 
a function of pressure and temperature up to 100°), secondly the 
electrical resistance of both solid and liquid phases as a function of 
pressure up to 12000 kg /cm 2 at temperatures between 0° and 100°, 
and thirdly the compressibility to 15000 kg /cm 2 
I lia^c already published preliminary results on caesium which 
now appear to be incorrect 2 I had apparently found a new modi¬ 
fication of caesium at high pressures which has the abnormal property 
that its resistance increases with increasing pressure It now r appears 
that the apparent transition was due to an impurity, which separated 
out of solid solution at sufficiently high pressure, or else delayed the 
ordinary freezing, actually there is no discontinuity, but instead caesi¬ 
um has the unique property that its electrical resistance passes 
through a minimum with increasing pressure This property, par¬ 
ticularly because Cs is the most compressible of the metals, should 
be of considerable theoretical significance Since this incorrect pre¬ 
liminary result I have made a large number of measurements on 
caesium in order to be quite sure of the result In my earlier work I 
followed the universal previous practice of measuring the electrical 
properties of the metal enclosed in a glass capillary But various ex¬ 
perimental irregularities showed that the constraining effect of the 
glass might be of considerable importance (for although the stresses 
which these metals can support without yield are small, nevertheless 
the variations with stress of the \anous properties are unusually 
high), so that eventually I was driven to making measurements on 
bare wires of rubidium and caesium In my previous work I had 
used bare wires of lithium and sodium, but the mcchftmcal dificulties 
m the case of the much softer metal potassium had led me to use the 
conventional glass capillaries for it With the experience nowr gained 
with these still softer metals, I have now returned to potassium, and 
ha\e repeated the measurements of the pressure effects on the bare 
wire I find that the pressure coefficient is not very much affected, 
but the conclusions which I had previously drawn as to the effect of 
pressure on the temperature coefficient of resistance must now be 
essentially modified These new results on the pressure coefficient 
of resistance of potassium are also given m this paper 
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Experimental Details 

Preparation of the Metals The importance and the difficulty of 
obtaining these metals in a state of high purity is not usually realized, 
and many results have been published on material of insufficient 
purity With care m the preparation it is not difficult to obtain 
material free from metallic impurities, but the removal of oxide is a 
matter of greater difficulty The oxide dissolves m these two metals, 
and behaves in some respects like an ordinary metallic impurity, as 
in depressing the freezing point The usual method of preparation 
is by heating the chloride in contact with metallic calcium It is 
comparatively easy to get the 1 chloride free from foreign metals, but 
it is just as important that the calcium be pure, and in particular it 
should not contain any of the other alkali metals, which are difficult 
to remo\e at any later stage Prepared in this way, with moderate 
heating, there is little likelihood of the rubidium or caesium containing 
other metals, but it is almost certain to contain oxide This must 
be removed by slow distillation at the lowest feasible temperature m 
very high vacuum It is practically impossible to make a satisfactory 
distillation with a gas flame, but an electric oven should be ustd 

The caesium used in my preliminary expermients was obtained 
from several sources I am indebted to Professor G N Lewis for a 
generous supply of the metal, to Professor G P Baxter for a large 
quantity of highly purified chloride, and to the Research Laljoratory 
of the General Electric Company for extr&ctmg the metallic caesium 
from the salt with calcium I also obtained several grams of the 
metal from the Foote Mineral Co All of tins preliminary material, 
however, did not give satisfactory results, the best method of manipu¬ 
lation not having been found The final results were obtained with 
metallic caesium from Kahlbaum As provided by them it was 
stated to be entirely free from any foreign metals, but was obviously 
not pure, as was evidenced by the long temperature range o'* er which 
melting took place The caesium was provided sealed into glass tubes 
under a heavy white mineral oil From these tubes it was transferred 
under Nujol to a distilling arrangement of Pyrex glass, and the Nujol 
washed out with petroleum ether, leaving a little ether m the ap¬ 
paratus, so that the metal was at no time uncovered The glass was 
then sealed and evacuated to as high a degree as possible with a dif¬ 
fusion pump, heating all parts of the apparatus A preliminary dis¬ 
tillation was made from the receiving chamber to the first bulb, in 
this way removing the coarse dirt. The glass container was then 
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transferred to an electric oven, where the metal was distilled from 
one bulb to the next at a temperature so low that between one and 
two hours was required for a transfer After each transfer the va¬ 
cated bulb was sealed off from the remaining part of the apparatus 
In all, five such distillations were made At the farther end of the 
apparatus was the arrangement adapted to the special experiment m 
hand, and which will be described m detail later Hus method of 
preparation was adopted for all the material used in the final measure¬ 
ments 

The best test of the purity of the material (the presence of oxide 
being difficult to establish by the ordinary methods of spectroscopic 
analjsis) is the sharpness of the freezing point The most con¬ 
venient method is by measurements of the electrical resistance, but 
there is a danger here which must be especially mentioned, which 
has probably in the past given rise to illusory results It is of course 
well known that the greater the purity of the metal the higher its 
temperature coefficient of electrical resistance, other things being 
equal, so that under ordinary conditions a high temperature coefficient 
is pretty good evidence of high purity But near the melting point 
this is obviously no longer the case, because the resistance increases 
when the metal melts, and premature melting may be brought about 
by impurity, thus simulating an improperly high temperature coef¬ 
ficient This source of error is important only for the low melting 
metals, and is of course especially important for rubidium and 
caesium It is not sufficient, therefore, to measure the temperature 
coefficient of caesium between 0° and 20°, for example, and to infer 
from its high value the high purity, but the resistance must be 
measured all the way up to the melting point and into the liquid 
state, if the metal is m a glass capillary* The corners of the discon¬ 
tinuity on melting must not be rounded In practice it is easy to 
distinguish a rounding of the corner due to premature melting from 
the upward curvature due to the normal accelerated increase of re¬ 
sistance with rising temperature, provided the purity is high, but it 
is more difficult or impossible if there is considerable impurity. 

Measurements of the temperature dependence of resistance should 
preferably be made by the method of stationary temperatures, instead 
of by the method of continually varying temperatures which is so 
often used This latter method of necessity introduces some rounding 
of the corners due to varying temperature lag when there are such 
thermal effects as found m melting, and can be made reliable only 
by varying the temperature so slowly as to become virtually a sta- 



PHYSICAL PROPERTIES OF RUBIDIUM AND CAESIUM. 389 


tionary temperature method The stationary temperature method* 
on the other hand, suffers from the disadvantage of not giving the 
exact melting temperature, but only shuts it between limits, which 
may be made narrower by longer experiment or greater good fortune 
In my experiments this disadvantage was avoided by a second method 
of studying the sharpness of melting, namely by varying the pressure 
at constant temperature, measuring the volume as a function of 
pressure Since the pressure can be manipulated much more easily 
than the temperature, and furthermore since the melting pressure 
automatically establishes itself within a certain range, it is possible to 
find exactly the melting pressure at any temperature, or to find whether 
this pressure varies with the fractional part of the metal which is 
melted, and so to study the sharpness of freezing By both these 
tests, the freezing of the rubidium and caesium was unusually sharp, 
and the melting point so found was unusually high and presumably is 
close to the value for the absolutely pure metal 
Rubidium was made in the same way as the caesium, except that I 
made no measurements with preliminary material, but the source of 
all my material was metallic rubidium sealed under oil into glass ob¬ 
tained from Kahlbaum The distillation temperature is higher than 
for caesium, but not high enough to make necessary any change m 
the general method of manipulation Because of its higher melting 
point it is more convenient to manipulate at room temperature 
Experimental Methods No new methods were necessary m making 
the measurements, but those were employed which have already been 
described m full detail The resistances jto be measured were of the 
order of a small fraction of an ohm, so that the potentiometer method 
with four leads was used which has been previously employed in 
measuring the effect of pressure on small resistances * 

The melting curves were traced by the method of the discontinuity 
of volume already used in connection with many melting and transi¬ 
tion curves 4 The apparatus was smaller than used before, and was 
m one piece instead of two, which eliminated the necessity for some 
confections, but was m principle the same as that used before The 
temperature limit of these measurements, 100° C», was set by the 
particular form of apparatus used It would be interesting to follow 
the melting curve to higher temperatures (I have been as high as 275° 
with bismuth), but this would have demanded the construction of 
special apparatus, and it did not seem to me that there were any 
questions likely to be answered by an extension of the range sufficient 
to justify the construction of special apparatus for only two sub- 
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stances On one or two occasions I also obtained the melting pressure 
corresponding to a given temperature by measurements of the elec¬ 
trical resistance These results agreed w ith the others 

The compressibility was measured by two methods One was the 
method for measuring linear compressibility which I ha\e previously 
applied to a number of metals 5 There were difficulties because of 
the extreme softuess of the metals, particularly with caesium The 
second method is that for measuring the cubic compressibility by 
determining the position of the piston of the compressing apparatus, 
which I have applied to 12 liquids, 6 and which has later been applied 
at the Geophysical Laboratory to a number of solids 7 The apparatus 
was ou a smaller scale than that previously used, and was the same 
as that used recently m determining the compressibility of gases,® 
by a method in all essentials the same The pressure range was also, 
as for gases, 15000 kg /cm 2 , instead of the more usual 12000 The 
measurements of the cubic* compressibility and of the melting curve 
were made with the same apparatus and usually with the same filling 
of the apparatus There were various difficulties in the compressi¬ 
bility measurements which make these the least satisfactory of this 
paper It was a disappointment that these were not accurate enough 
to permit more than very rough statements about the behavior of the 
thermal expansion under high pressures 

Numerical Data 

The numerical data for the various effects, together with such 
detailed description as seems necessary, now follow 

Potassium 

Resistance These measurements on potassium were made after 
the measurements on rubidium and caesium, and were suggested by 
the apprehension that the previous results found for potassium in a 
glass capillary might be in error because of a restraining action of the 
glass The point of particular interest is the temperature coefficient 
of resistance at high pressures, I had found that beyond 6000 kg, the 
temperature coefficient of potassium decreases greatly® This was 
a unique phenomenon, the temperature coefficient of all the other 
metals measured being approximately independent of the pressure 
I connected the unusual decrease with the unusual compressibility of 
potassium, and expected that the same effect would be found in other 
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metals at a pressure sufficiently high to produce in them a comparable 
volume compression This supposed decrease of the temperature 
coefficient of potassium and the ideas suggested by it now turns out 
to be incorrect, the effect found being, as feared, due to the constrain¬ 
ing effect of the capillary 

The potassium used in this investigation was from the same batch 
as that whose resistance, melting, and compressibility to high pres¬ 
sures has been pre\iously measured It has been kept since the 
former measurements sealed under Nujol m a small glass tube For 
these measurements it was extruded under Nujol to a bare wire of 
about 1 5 mm diameter The four connections, two for current, 
and two for potential, were made by piercing through the potassium 
with \ery fine copper wires, looped into place The potassium wire 
was then folded at the middle to the shape of a hairpin and placed in a 
small glass test tube filled with Nujol with the Conner tions folded over 
the edge Connections were now made to the three terminal plug 
in the regular way, so that everything could be screwed as one self- 
contained unit into the pressure apparatus Before this was done 
the Nujol in the test tube was replaced with petroleum ether by 
repeatedly flushing out the tube with ether This is necessary to 
avoid distortion effects at high pressures due to viscosity of the oil 

Measurements were made in the first place of the tcmjierature coef¬ 
ficient of resistance at atmospheric pressure from 0° to 35° and back 
again It is to be emphasized that no measurement, either of a 
pressure or a temperature effect, on these soft and chemically actrvc 
metals is trustworthy unless a complete cycle is made, returning to 
the starting point, because of the great liability to permanent changes 
of resistance after a change of pressure or temperature After the 
temperature cycle above, 0° to 35° to 0° Again, there was a permanent 
increase of resistance of 5% of the total change produced by 35° 
The mean of readings with increasing and decreasing temperature 
was taken as giving the true temperature coefficient The relation 
between resistance and temperature is linear, and the average coef¬ 
ficient between 0° and 35° in terms of the resistance at 0° as unity 
was 0 00541 I previously found for potassium in glass between 0° 
and 51° a linear relation, and for the numerical value 0 00512, cor¬ 
rected for the volume expansion of the glass to give the temperature 
coefficient of specific resistance The value 0 00541 found above for 
bare wire is the coefficient directly measured with terminals attached 
to the wire The correction term to reduce from measured to specific 
resistance is the linear expansion. Assuming for this the value 
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0 00008, the best value for the temperature coefficient of specific re¬ 
sistance is 0 00549, about 7% higher than the value previously found 
on the same material The difference is to be ascribed to the re¬ 
straining action of tlie glass walls, which, as temperature is raised, 
exert a pressure which lowers the resistance It is to be noticed that 
measurements in a glass capillary may have no internal evidence of 
being incorrect, but the measurements with increasing and decreasing 
temperature usually agree, with no sign of hysteresis This is under¬ 
standable over a moderate temperature range, but over a wider range 
it would be expected that the thermal stresses set up in the metal 
would produce flow, and so permanent alterations, with hysteresis 

The pressure measurements were made in the regular way with the 
regular apparatus up to 12000 kg at 0°, after a preliminary seasoning 
application of pressure which produced a permanent alteration of 
resistance of 6% of the change due to pressure The temperature 
coefficient at 5000 kg and 11300 kg was measured by raising tem¬ 
perature at each of these pressures from 0° to 30° and then lowering 
again to 0° A readily determined correction must be applied for the 
small change of pressure accompanying the change of temperature 
This procedure is much better than that previously adopted of deter¬ 
mining the temperature coefficient from the results of complete 
pressure runs at different temperatures The return to the initial 
resistance at 0° in the new measurements was complete within 0 3%, 
and considerable confidence may be felt in the temperature coefficients 
so found 

The results are shown in Table 1^ which gives the relative measured 
resistance as a function of pressure to 12000 kg at 0°, and the tem¬ 
perature coefficient at 1, 5075, and 11300 kg 

TABLE I 


Resistance or Potassium 


Pressure 

RdattreReM* 

kg feta 

0*O 

0 

1 000 

1000 

844 

2000 

729 

3000 

*638 

4000 

564 

5000 

502 

6000 

451 

7000 

408 



PHYSICAL PROPERTIES OF RUBIDIUM AMD CAESIUM. 


393 



When compared with the previous results, these new pressure data 
show the effect of the constraint by the glass, as did also the tempera¬ 
ture coefficient at atmospheric pressure The pure pressure effect is 
much less affected than the temperature coefficient At 12000 kg. 
the ratio of measured resistance to that at atmospheric pressure at 0° 
is 0 271, which corrects to 0.246 for the ratio-of specific resistances 
Previously for potassium in glass, the ratio 0 275 was found at 25° 
and 0 252 at 60° At the higher temperature the value previously 
found agrees better with the new value than the ratio at the lower 
temperature. This is consistent with the explanation as due to the 
effect of the constraint, because at the higher temperature the internal 
viscosity is less and the internal stresses will be less The difference 
between the old and the new results is of the order of 10% as far as 
the pressure effect goes At lower pressures the agreement is closer, 
as would be expected because of the smaller viscosity of the metal at 
lower pressures 

The new result for the temperature coefficient of resistance at 
high pressures when compared with the previous results amounts 
however, to a result of a different order of magnitude Previously 
1 found at 12000 kg a decrease of the temperature coefficient by a 
factor of 2 5 fold. The decrease now found is only from 54 to 45, 
and the very marked decrease formerly found beyond 6000 is now 
seen not to exist 

The final result of these new measurements on potassium is there¬ 
fore to leave unchanged the generalisation which I made after my 
first series of pressure measurements, 10 , namely that the temperature 
coefficient is little affected by pressure Thu is what would be ex¬ 
pected in view of the fact that die temperature coefficient of all 



394 


BRIDGMAN, 


pure metah is nearly alike, because the same metal at two different 
pressures may be regarded as a special case of two different metals* 

Rubidium 

Melting Data Little need be added in the way of description of 
experimental detail to that already given, except the method of filling 
the apparatus The chief difficulty is in determining the amount of 
rubidium, since it must be kept continually immersed in oil to avoid 
oxidation Connected to the glass bulb in which the final distillation 
was made was a small test tube of about 6 mm inside diameter The 
rubidium was run into this, and then the top and bottom of the test 
tube broken off under Nujol* The metal was now extruded from 
the tul>e with a closely fitting plunger, so that a rod of rubidium 6 mm 
m diameter was obtained This was cut to an appropriate length, 
and the amount determined by weighing under Nujol The density 
of the Nujol was independently determined and for the density of 
rubidium the value 1 532 of Richards and Brink 11 was assumed 
From these data the amount of rubidium may be calculated The 
rubidium was then placed inside a steel cup of test tube shape, and 
the total weight in air determined, from which the amount of oil 
included m the steel cup with the rubidium could be found (this last 
being necessary for the compressibility measurements to be made 
with the same set-up, but not for the melting determinations), and 
then it was mounted in the regular way m the high pressure cylinder 
with a known amount of kerosene As already mentioned, the small 
apparatus used previously for the compressibility of gases was used 
for this, the amount of metallic rubidium and caesium available not 
being sufficient to allow the use of the larger apparatus, which would 
otherwise have been desirable because somewhat more accurate 
results may be found with it The area of the piston of the small 
apparatus was 0 43 cm 2 

Nine points on the melting curve were found, ranging from 250 to 
3600 kg, and from 44° to 96° The melting was very sharp and 
affords gratifying evidence of the purity Thus at the lowest pressure, 
250 kg , there was no perceptible difference in melting pressure be¬ 
tween 0 1 and 0 9 melted The sensitiveness was such that a dif¬ 
ference of 4 kg /cm" could have been detected, corresponding to 0 08° 

Doubtless the best value for the melting point at atmospheric 
pressure is to be obtained by an extrapolation of the results found at 
high pressures The extrapolation is short, a matter of five degrees, 
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and may be made with considerable certainty by graphical methods, 
because the curvature of the melting curve is not important The 
melting temperature at atmospheric pressure found in this way is 
38.7° This is 0 25° higher than the result found from measurements 
of electrical resistance in glass capillaries (temperature at which the 
metal is half melted), and differs from the electrical result in the di¬ 
rection to be expected, since any internal stress not a hydrostatic 
pressure equally distributed between solid and liquid results m a 
lowering of the melting point The melting point gi\ en above is 
somewhat lower than the highest previously recorded, 13 39 00 0 



Figure 1 Melting data for Rubidium The circles show the melting 
temperatures (scale on the left) as a function of pressure The crosses show 
the observed changes of volume (scale on the nght) in cm 1 per gra as a 
function of pressure 


The changes of volume on melting were determined at the same tune 
as the coordinates of the melting curve The change of volume is 
small, so that the percentage accuracy is not high However the 
main facts could be established that the change of volume becomes 
less at the higher pressures, and the direction of curvature is the 
normal one, namely convexity toward the pressure axis 
In Figure 1 are shown the experimentally determined coordinates 
of the melting curve, and in the same diagram the experimental 
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changes of volume, the method of representation is the same as that 
previously used in my melting and transition determinations In 
Table II are given the smoothed results obtained from these curves 

TABLE II 

Meltinq Data for Rubidium 


Prewure 

Temperature 


AV 

Latent Beat 

kg /cm * 

Centigrade 

dT/dp 

caL'/gm 

leg m/gm 

0 

38 7° 

0209 

0185 

2 70 

500 

48 7 

192 

163 

2 73 

1000 

57 9 

178 

145 

2 70 

1500 

00 5 

100 

130 

2 06 

2000 

74 5 

155 

119 

2 67 

2500 

82 0 

140 

112 

2 72 

3000 

89 1 

139 

106 

2 76 

3500 

05 9 

134 

101 

2 78 


for the coordinates of the melting curve, the change of volume, and 
computed from these the slope of the melting curve and the latent 
heat of melting The latent heat vanes along the melting curve 
onl> by small amounts, which is the behavior found for most sub¬ 
stances 

The change of volume on fusion and the latent heat do not seem 
to ha\e been previously determined, so that there are no values for 
comparison 

Resistance The data to be covered by the resistance measure¬ 
ments are the effect of pressure at various temperatures on the re¬ 
sistance of the solid and liquid metal, and the change of resistance 
when the solid melts to the liquid at various points of the melting 
curve. For those measurements m which the solid alone is con¬ 
cerned the bare wire muBt be used, but for those which involve the 
liquid, a glass capillary was necessary 

The manipulation of the bare wire was essentially the same as that 
of potassium It was extruded through a steel die under Nujol, the 
electrical connections were fine wires of silver, instead of copper, 
pierced through the rubidium wire. Measurements were made as 
follows First the temperature coefficient of resistance at atmospheric 
pressure was determined. Then pressure measurements were made 
to 12000 kg and back at 20° This was the first application of 
pressure, and there was a comparatively large permanent increase of 
resistance Then a pressure run was made to the maximum and bade 
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at 35°, which showed only a small permanent change, and then a 
pressure run at 0°, which showed the smallest set of all Then 
measurements of the temperature coefficient under pressure were 
made at several high pressures by the cyclic method already de¬ 
scribed for potassium Finally the bare wire was measured again for 
the temperature coefficient at atmospheric pressure, this time raising 
the temperature until the wire melted A reading was obtained with 
the bare wire at 38 4°, hut at 38 8° it melted and open circuited, in¬ 
dicating a melting temperature somewhere between these limits 
The results obtained with the bare wire were used m calculating 
the finally tabulated values of resistance at atmospheric pressure up 
to the melting point, and the resistance as a function of pressure to 
12000 kg at 0° and 35° There is a small inconsistency m the finally 
tabulated results which I have not attempted to remove in that the 
temperature coefficients determined from the difference of the pres¬ 
sure data at 0° and 35° do not agree precisely with the directly deter¬ 
mined coefficients by the cyclic method The difference is partly 
perhaps due to the difference of temperature range, but there is 
doubtless also some outstanding experimental error The results are 
best used as given, the pressure values in discussing the effect of 
pressure at 0° or 35°, and the directly measured temperature coeffi¬ 
cients in discussing temperature effects at various pressures 
The measurements in the glass capillary followed the same general 
outline as previously The capillary was small, perhaps 0 5 mm 
inside diameter and 4 or 5 cm long It was filled while directly at¬ 
tached to the purifying and distilling apparatus, sealed off, and then 
the upper end broken under Nujol Measurements were made in 
the first place of the resistance at atmospheric pressure as a function 
of temperature, beginning at 0° on the solid, and running to 95° on 
the liquid The temperature coefficient in glass to 27° was 0 00477, 
somewhat less than the value found for the bare wire The difference 
was in the same direction as was also found for potassium, but is not 
as great, corresponding perhaps to the greater mechanical softness of 
rubidium At a temperature of 36 6° the resistance measurements 
indicate that 1% of the metal is melted, I did not attempt to 
determine the melting point more accurately by this method. The 
resistance of the liquid in glass is a linear function of temperature 
from the melting point up to 95°. The correction by which the 
meaeuieilgtsistances m the glass are reduced to specific resistances 
of the liquid are so small as to be almost negligible, amounting to an 
increase of only 1 in the last place at the highest temperature. From 



308 


BBXDGMAN 


the measurements at atmospheric pressure the ratio of specific resist¬ 
ance of solid to liquid at atmospheric pressure was obtained, correcting 
for the very slight rounding of the corner by a graphical extrapolation 

With the capillary, pressure runs were made at 06° and 05° up to 
and just beyond the melting point, so that in addition to the pressure 
coefficient of the liquid we have the ratio of resistance of liquid to 
solid at the equilibrium pressure at these two temperatures Finally, 
pressure runs were made on the frozen solid to 10000 kg at 95°, and 
the temperature coefficient determined by a cyclic change of temper¬ 
ature between 22° and 95° at 5700 kg The coefficient so found was 
0 00427 in terms of the resistance at 0° (linear extrapolation), which 
is higher than the value found directly with the bare wire At at¬ 
mospheric pressure the bare wire has yielded higher coefficients, the 
difference may well be due to the difference of temperature range, 
0° to 17° against 22° to 95° 

The final results are given in Table III. Here are given the rel¬ 
ative resistances at different temperatures and pressures in terms of 
the resistance of the solid at 0° and atmospheric pressure as unity 
Up to the melting point at atmospheric pressure the results tabulated 
are the measured results for the bare wire, with no correction for 
volume distortion The tabulated value is to be increased by the 
linear thermal expansion in order to obtain the specific resistance 
This correction will probably amount to 2% of the change due to 
change of temperature, but it is not known accurately enough to 
justify giving final values m terms of it The values given for the 
resistance of the liquid have, on the other hand, been corrected for 
the changes of form of the glass envelope, so that these give the re¬ 
lative specific resistances starting from the melting point as the 
fiducial point The corrections for the glass are small, and amount 
st the highest temperature at atmospheric pressure to only 1 in the 
last place, and at the highest pressure on the liquid (95° and 3500 kg,) 
to only 4 in the last place At 95° the pressure measurements on the 
solid, having been made with the glass capillary, are of the specific 
resistance The corrections by which the measured resistances on 
the bare wire may be reduced to specific resistances are large, because 
of the high compressibility of rubidium, and at 12000 kg amount to 
a decrease of the tabulated resistance by 10% The precise amount 
may be found from the values given later for the volume 

The ratio of resistance of liquid to solid is also given in Table III 
for 1, 1470, and 3425 kg Since there is no change of volume of the 
container during melting at constant pressure and temperature, these 
values are the ratios of the specific resistances. 
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Cubic Campressibtlity Two methods were used The first was 
the method of determining linear compressibility already used for a 
number of metals The apparatus and the methods of measurement 


TABLE III 

Resistance or Rubidium 


At atmospheric pressure 

Behavior under Pressure* 

Temp Rel Reels 

Pressure 
kg /cm * 

Solid, bare wire 
0*0 86° 

Liquid, In glass 
65* 06° 

0° C 1 000 Solid 

0 

1 000 

1 205 

2 195 

2 417 

10 1 046 

500 



1 983 

2 173 

20 1 090 

1000 

845 

982 

1 823 

1 984 

30 1 165 

1500 



1 670 

1 827 

38 7 1 235 


733 

840 


1 695 

38 7 1 990 Liquid 





1 578 

40 2 000 

BUS® 

648 

740 


1 472 

60 2 148 

mm 




1 381* 

80 2 296 1 





879f 

100 2 443 

3500 




871 


4000 

583 

663 


820 


5000 

631 

602 


732 



490 

553 


663 


7000 

456 

514 


609 


■ 

428 

481 


565 



406 

455 


529 


10000 

387 

434 


499 


11000 

372 

418 

* Liquid 



12000 

360 

406 

t Solid 



Regs Liquid 0 kg 1470 kg 3425 kg 
,0 ' Resis Solid 1 612 1 608 1 571 


Temperature Coefficient of Solid 

Bare Wire, 0M7°, 0 00481, 0 kg InGlasB, 

00385, 5700 kg 22 a -95'\ 000427 

00365, 11000 kg at 5730 kg 

were the safhe as previously used The rubidium was pressed into 
the shape of a regular cylinder about 7 mm, long, and mounted in the 
apparatus for direct measurement without lever magnification. 
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Measurements were made to 12000 kg. at 0°. The difficulty with the 
method is a mechanical one due to the softness of the rubidium. There 
is danger of mechanical deformation during the assembling of the 
apparatus or during the application of pressure because of the vis* 
cosity of the transmitting medium Because of the extreme compressi¬ 
bility of rubidium it is necessary to use specimens short compared 
with their length, and this may be responsible for a special sort of 
error due to deformation The cylinder of rubidium is compressed 
between flat plattens of steel Between the steel platten and the 
rubidium there is a thin film of oil When pressure is applied the 
rubidium shrinks transversely more than the steel platten, so that 
there is relative slip tangentially to the platten This slip is resisted 
by the viscosity of the oil At high pressures, where the viscosity is 
great, this may result in an actual deformation of the rubidium, 
which becomes stretched transversely with respect to its natural 
figure, so that the accompanying decrease of length is too great, 
resulting m a too great measured compressibility This is what was 
actually found, the compressibility determined by the linear method 
being greater above 8000 kg tlian that determined by the other 
method. 

The Becond method was by measuring the motion of the piston of 
the compression cylinder, as already explained Two different fillings 
of the apparatus were used The first employed about 4 5 gm of 
rubidium, and was the same filling with which die melting curve data 
were obtained This quantity of rubidium was so great, however, 
that the maximum pressure obtainable was 11000 kg A second filling 
was therefore made, removing about 1 gm of rubidium and replacing 
it by a steel core This made it possible to reach 15000 kg Runs 
with these two fill mgs were made at 50° and 05° especially to deter¬ 
mine compressibility, in addition to the runs made with the first 
filling especially to determine the melting data For some reason 
not definitely discovered the changes of volume obtained with the first 
filling were about 10% greater at the maximum than those obtained 
with the second Since those obtained with the second filling agreed 
essentially with the results obtained by the other method, they were 
retained, and the first discarded Attempts were made to obtain die 
thermal expansion as a function of pressure, but the measurements 
were not sufficiently accurate to give good values. The difficulties 
with the manganm measuring gauge are increased with the small 
apparatus and it was chiefly the uncertainty due to the shift of aero 
with changing temperature that was responsible for the lack of ae- 
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curacy Very likely this increased difficulty found with the small 
apparatus is not at all inherent m the size of the apparatus, but is due 
to the fact that the pressure range was 15000 and often 16000 kg 
against the former 12000 This produces strains m the wire due to the 
viscosity of the transmitting medium which may result in a capricious 
shift of the zero The greater pressure range is also responsible for a 
greatly increased elastic hysteresis in the deformation of the steel 
cylinder, which is not conducive to accuracy 
The final results for decrease of volume as a function of pressure 
to 15000 kg at 50° C are given in Table IV Only three significant 
figures can be given, against the four which have been possible in 
most of the previous work The volume at 0 pressure was obtained 
by extrapolation 


TABLE IV 

Volumb dr Rubidium under Pressure 


Premure 

Relative Volume at 

kg /COOL* 

SO* C 

0 

1 000 

1000 

053 

2000 

014 

3000 

883 

4000 

857 

5000 

836 

6000 

810 

7000 

803 

8000 

780 

0000 

777 

10000 

766 

nooo 

756 

12000 

746 

13000 

737 

14000 

720 

15000 

721 


With regard to thermal expansion under pressure, one may make 
the following rough statement with some assurance, up to 7000 or 
8000 kg the thermal expansion is fairly constant, but beyond this 
it drops rather abruptly, falling to one-half or one-third its initial 
value at 15000. 

The initial compressibility of rubidium to be deduced from the 
Table is 0.000052, greater than that of water This compressibility 
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is much higher than the only previously published value, 0 000040 by 
Richards ** The difference is doubtless due to impurity Richards* 
rubidium contained so large an amount of potassium that it was liquid 
at room temperature, so that the compressibility measured was of the 
liquid alloy From the densities, assuming no contraction on mixing, 
Richards estimated that one-third of the total was potassium, and the 
probable error seemed to him so high that in his summary he tabulated 
only one significant figure for the result 
Attempts were also made to measure the compressibility of the 
liquid, but the wandering of the aero prevented accuracy From the 
difference of slope of the volume curves above and below the melting 
point it is possible to say that at 56° the liquid is about 0 000006 more 
compressible than the solid, and at 96° 0 0000045 

Caesium 

Melting Data The general method of handling this substance was 
the same as for rubidium In determining the quantity of caesium 
by weighing under Nujol, the density of caesium at 0° was assumed 
to be 1 88 This seems to be the most probable value to be deduced 
from the measurements of Richards 11 and others, but the accuracy 
is not as great as in the case of rubidium 
Four points on the melting curve were determined, ranging from 
250 kg and 35° to 3700 kg and 95° In addition, a point was deter¬ 
mined from the resistance measurements at 96° which coincides within 
the sensitiveness of the readings with the value found by the method 
of changing volume The melting was not quite as sharp as for ru¬ 
bidium, but the melting pressure at 35°, for example, vanes by 40 kg* 
between 01 and 0 9 melted, corresponding to a temperature shift 
of 1 0° Of course the temperature of beginning of freezing or end 
of melting is to be taken as the correct melting temperature The 
melting point at atmospheric pressure, extrapolated from the high 
pressure readings as m the case of rubidium, was 29 7° This is 
considerably higher than previous values, and is evidence of high 
purity 

The change of volume is of the same order of magnitude as for 
rubidium, and values even more satisfactory were obtained 
In Figure 2 are shown the observed coordinates of the melting 
curve and the changes of volume, plotted in the usual way The 
smoothed results taken from these curves are shown in Table V, 
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TABLE V. 


Melting Data tor Caesium. 


Pressure 
kg /cm • 

0 

500 

1000 

1500 

2000 

2500 

3000 

3500 

4000 


Temperature 

Centigrade 

dT/dp 

AV 

cm ‘/gm. 

latent Heat 
kg m /gm 

29 7° 

0250 

0136 

1 65 

41 4 

221 

118 

1 68 

51 9 

199 

105 

1 72 

01 4 

183 

96 

1 76 

70 2 

168 

88 

1 80 

78 3 

155 

83 

1 88 

85 7 

141 

78 

1 99 

92 4 

128 

75 

2 14 

98 5 

117 

72 

2 29 


together with the values computed from them for the slope of the 
curve and the latent heat of melting This latter shows perhaps 



Figure 2 Melting data for Caesium The circles show the melting tem¬ 
peratures (scale on the left) as a function of pressure The crosses show the 
observed changes of volume (scale on the right) in cm 1 per gm as a function 
of pressure. 
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more tendency than usual to change with pressure, becoming greater 
at the higher pressures* 

litnstance More time was spent in making the resistance meas¬ 
urements of caesium than all the other measurements of this paper 
The measurements extended over three years, and were made on 
material from a variety of sources. The reasons for this have already 
been outlined and need not be reiterated The final results to be 
given here were obtained with the purest material There are no 
inconsistencies between the final and the preliminary results which 
are not explicable by impurities or improper manipulation 

Hie hare wire was obtained by extrusion out of the glass tube into 
which it was distilled after the final purification One end of this 
tube was drawn out to the internal diameter desired for the wire 
(about 0 15 cm), both ends of the tube were opened under Nujol, 
and the caesium was extruded by means of a plunger fitted with a 
closely fitting leather washer, so that the pressure which compelled 
the extrusion was transmitted to the caesium through an inter¬ 
mediate layer of oil The metal is so soft that the extrusion was 
easily made holding the glass tube and the plunger m the hands The 
extreme softness of course makes the various manipulations of as¬ 
sembly difficult, but ordinary care, without the use of special mechan¬ 
ical devices, is sufficient to surmount them The leads were fine silver 
wires, as in the case of rubidium, and the subsequent manipulation 
waB similar 

With this bare wire the temperature coefficient at atmospheric 
pressure was first determined from 0° to 10° and back to 0° A 
pressure run was then made at 0°, locating carefully the position of 
the minimum of resistance, which was shown to be reversible by 
releasing the pressure a thousand kilograms or so after locating the 
minimum, and then proceeding to 12000 kg with readings oack to 
zero Between 4000 and 6000 on the first increase of pressure there 
was a permanent increase of resistance of about 30%, due without 
question to distortion of the wire by the viscous transmitting medium 
When corrected by this constant factor the initial results below the 
minimum of resistance agreed with the final results obtained with 
decreasing pressure. However, the pressure at which the minimum 
occurred was not the same with decreasing as with increasing pressure, 
but was about 400 kg higher I was never able to get entirely satis¬ 
factory values for the pressure of the minimum, which always varied 
somewhat Doubtless the effect u due to internal strains set up by 
the transmitting medium It is curious that more consistent values 
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for the pressure of minimum resistance were found when the caesium 
was enclosed in a glass capillary than with the bare wire, although 
there were other fluctuations which were greater The values listed 
as final in the following for the resistance of the solid under pressure 
are based essentially on the measurements obtained with decreasing 
pressure at 0* on the sample just described 
With this same bare wire the temperature coefficient of resistance 
was obtained at several pressures up to 11000 kg by cyclic change of 
temperature from 0° to 10° to 0° again The return to zero resistance 

was always exceedingly good, and these temperature coefficients may 
be accepted with considerable confidence 



Fionas 3 The resistance of solid caesium a a a function of temperature 
at atmospheric pressure Observe that up to 20° no premature melting is 
detectable 

The measurements on this bare wire were terminated by an attempt 
at a pressure run at higher temperatures, during which the wire was 
accidentally allowed to melt 

A number of readings were now obtained with a filling of a glass 
capillary, manipulated like the capillary of rubidium First the 
temperature coefficient at atmospheric pressure was found below 
and through the melting point up to 95° The values of the resist¬ 
ance up to the melting point shown in Figure 3 gave an idea of the 
sharpness of the melting. As before, the coefficient of the solid in 
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glass was found to be less at atmospheric pressure than the coefficient 
of the bare wire, the bare wire over the common range, 10°, yielded 
a coefficient 10% higher The results given in the final table for the 
resistance of the solid between 10° and the melting point are based 
on the values obtained with the glass capillary, corrected by a factor 
of 10% The melting was sharp, as shown by the resistance measure¬ 
ments, at least judged by the usual standards* At 26 2° there was 
no premonition of melting, all the points lying on a smooth curve, 
but at 27 6° there was a jump m resistance corresponding to a pre¬ 
mature melting of 1/60 part of the whole Melting was completed 
somewhere between this temperature and 29 9° These values are 
consistent with those found under pressure by the change of volume 
method Above the melting point the change of resistance of the 
liquid m glass is linear with temperature up to 95° at least, with an 
error not more than 0 2% The pressure coefficient of resistance of 
the liquid in glass was determined up to the melting point at 63°, 
and at 96° through the melting point and up to 11000 kg The ex¬ 
pected minimum of resistance of the solid shortly beyond the melting 
point was found The temperature coefficient of the solid in glass 
was also found by the cyclic method between 20° and 96° at 9100 kg, 
and was considerably greater than found for the bare wire This also 
agrees with the behavior of the temperature coefficient found for 
rubidium Of course the value for the bare wire is to be preferred 

The ratio of resistance of liquid to solid at the normal melting point 
and at 96° was found to be 1 660 and 1 695 respectively Again the 
variation of this ratio along the melting curve is slight compared with 
the variation of other properties 

The final results are shown in Table VI and Figure 4 The re¬ 
sistance of the solid at atmospheric pressure up to the melting point 
is first given This is the measured resistance To convert to specific 
resistance correction must be made for the linear thermal expansion, 
which is about 000011. Above the melting point the results tabu¬ 
lated are the specific resistance of the liquid, the directly observed 
values not differing appreciably from the corrected values The 
pressure measurements on the solid at 0 4 are measured results for the 
bare wire These results may be converted to specific resistances by 
correcting by the linear compressibility, to be given m the next sec¬ 
tion At 12000 kg this correction will produce a decrease of re¬ 
sistance of about 11% The effect of the correction is to make the 
pressure of the minimum of specific resistance higher than the pressure 
of minimum of observed resistance 
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In the table are also given the resistances of the liquid (specific) 
as a function of pressure up to the melting point at 63° and 96° The 


TABLE VI 

Resistance or Caesium 


At Atmospheric Pressure 

Behavior under Pressure j 

Temp 

Rel. Rests 

Pressure 
kg /am* 

Solid, Bare Wire 
at 0*C 

Liquid, In Glass 

63 4° 05 8° 

0°C 

1 0000 

0 

1 000 

2 099 

2 280 

6 

1 0247 

500 


1 934 

2 094 

10 

1 0406 

1000 

863 

1 815 

1 956 

16 

1 0748 

1500 


1 721 

1 861 

20 

1 1002 


779 


1 770 

26 

1 1268 

2500 



1 721 

20 7 

1 1507 Sobd 

■ 

729 


1 661 


1 910 Liquid 




1 626 

30 

1 012 


709 



66 

2 108 

1 

713 



100 

2 304 


728 





7000 

766 





8000 

794 





9000 

833 





10000 

879 





11000 

931 





12000 

I nn.4 

1 Wife 




Regs Liquid 0 kg 3780 kg 

l °’ Retis Solid I 660 1 693 


Temperature Coefficient of Solid 


Pressure 

Bare Wire, 

Solid inGlass 

kg/cm* 

0M0° 

0 

0 00496 

Mean coefficient 0° to 96° at 9100 kg, 

2000 

434 

extrapolated from results between 21° 

4000 

388 

and 96° u 000463 

6000 

366 


8000 

367 


10000 

386 


12000 

418 



correction for changing from observed to specific resistance is 0*06% 
per 1000 kg. 
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The temperature coefficient of the solid bare wire between 0° and 
10° is given as a function of pressure, and in Figure S are plotted the 



Figure 4 The relative resistance of solid caesium (bare wire) as a func¬ 
tion of pressure at 0° C 


experimental values on which these are based. It will be seen that, 
like tlie resistance, the temperature coefficient passes through a mini¬ 
mum, but the pressure of the minimum is higher than the pressure of 
the minimum of resistance. 



Figure 5 Mean temperature coefficient of resistance between 0* and 10° 
of bare caesium vwre 

The ratio of resistance of liquid to solid is given at two points on the 
melting curve 
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In Figure 6 is given the pressure of minimum resistance as a function 
of temperature In this diagram are included some points obtained 
in some of the preliminary runs with caesium m glass. The agree* 
ment of the results so obtained with increasing and decreasing pressure 
seems to warrant their retention, although no other of the readings 
obtained with this material have been incorporated in the final 
results It will be seen that these results show considerable spread, 
the probable explanation m terms of internal strains has already been 
given In view of these irregularities it is probable that the values 
listed here for the resistance of the solid as a function of pressure 
have not a high degree of accuracy, there should be no such error m 
the resistances of the liquid 



Figure 6 The pressure of the minimum resistance of caesium m kg/cm* 
plotted as ordinate against temperature The open circles were obtained 
with decreasing pressure and the diagonal crosses with increasing pressure on 
caesium in glass The rectangular crosses were obtained with increasing 
pressure and the dot with decreasing pressure on bare wire 

Compressibility As in the case of rubidium, the compressibility 
was determined by the two methods of linear compressibility and 
cubic compressibility by piston displacement 
The difficulty found with the rubidium due to distortion in using 
the method of linear compressibility was very much accentuated m 
the case of caesium because of its greater softness, and the high 
pressure results had to be entirely discarded. Below 2000 kg., 
however, the results found by this method seem to be reliable, and 
they were used to supplement the results by the other method, which 
could not be extended below 1000 kg 
Measurements by thfe piston method were made with one filling of 
the apparatus, using 4.3 gra of caesium, to a maximum pressure of 
nearly 16000 kg at 50° and 95°, in addition to the low pressure runs 
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made to obtain the melting data The results finally given for the 
changes of volume in Table VII ore based on the data obtained at 
50°, these being somewhat more regular than the data at 95° It was 
possible also to obtain readings on the compressibility of the liquid 
at 75°, which arc also given in the Table, The liquid is not very 
much more compressible than the solid 
The values listed in the Table are changes of volume in cm 8 for 
1 88 gm of metal The results given in this way were directly ob- 


TABLE VII 


Volume Decrements or Caesium under Pressure 


Pressure 

Volume Decrement in 

cc per 1 88 

kg /cm * 

50° O. solid 

7fi° C, Uu 

0 

000 

000 

500 


035 

1000 

059 

063 

1500 


086 

2000 

102 

107 

3000 

134 


4000 

161 


5000 

184 


6000 

204 


7000 

223 


8000 

240 


9000 

255 


10000 

269 


11000 

282 


12000 

294 


13000 

300 


14000 

317 


15000 

328 



tained from the experimental results without using any hypothetical 
values for the thermal expansion 1,88 gm* is very approximately 
the amount of caesium that occupies 1 cm * at 0° C at atmospheric 
pressure, so that the values listed in the Table are approximately 
fractional changes of volume 

The initial compressibility at 50° to be deduced from the Table is 
0 0000070 Richards w gives for the average compressibility between 
100 and 500 kg 0 000060 He finds a more rapid decrease of com¬ 
pressibility with pressure than I do, giving for the average com¬ 
pressibility between 100 and 300 kg 0 000067, and between 300 and 
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500 0 000053 A linear extrapolation would give 0 000081 for the 
initial compressibility However, a detailed examination of Richards’ 
data will show that his pressure coefficient of compressibility is in 
great doubt, and the agreement of our results is probably as dose 
as could be expected 

Satisfactory numerical results could not be obtained for the \ari- 
ation of thermal expansion of the solid with pressure, but roughly, 
the behavior is of the same nature as that found for rubidium, the 
rapid decrease in expansion beyond 8000 or 9000 kg being even more 
pronounced. 

Discussion of Results 

We now have the data in hand for all the alkali metals, so that 
this discussion may well be concerned with a comparison of the 
properties of all of them 

The volume relations are the simplest, and first engage our atten¬ 
tion The volumes of all the alkali metals are shown in Figure 7 as 
a function of pressure I have chosen somewhat unusual units for 
the volume, namely a volume proportional to the average space oc¬ 
cupied by each extra-nuclear electron This volume is obtained 
from the atomic volume (volume in cm * of a number of grams equal 
to the atomic weight) by dividing by the atomic number, or number 
of extra-nuclear electrons This quantity I shall denote by the ab¬ 
breviated expression u electronic” volume The electronic volume 
seems somewhat better adapted to bring out certain relationships 
than the atomic volume The values adopted for the electronic 
volumes at 0° C at atmospheric pressure for Li, Na, K, Rb, and Cs 
are respectively 4 37, 2 15, 2 39, 1 507, and 1 284 cm 2 

The figure brings out an abnormality in the volume of potassium, 
which is between that of Na and La, instead of between Na and Rb 
This abnormality disappears, however, above 10000 kg, where the 
curves for Na and K cross That the abnormality is to be ascribed 
to K and not to Na is made evident by some of the later curves 

Hie initial compressibilities at 0° of the 5 metals in order are 
0 0*87, 00*157, 00*355, 00*52, and 0 0*70 By multiplying these 
by the electronic volumes we obtain numbers proportional to the 
actual loss under an external pressure of 1 kg /cm 3 of the average 
space occupied by 1 electron The “electronic” compressibilities 
found in this way are 00*38, 00*34, 00*85, 00*78, and 00*90 re¬ 
spectively. It is interesting that the electronic compressibilities of 
the three heavier metals, in which the electrons are much more closely 
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packed, is much larger than that of the two lighter metals, which 
have a much more open structure This difference is the opposite 
of what one might expect The difference is very much exaggerated 
if one calculates the atomic compressibility (ordinary compressibility 
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Ftatma 7 The electronic volume* (atomic volume divided by atomic 
number) in om 1 at 0* C of the five alkali metal* aa a function of premie 


multiplied by atomic volume) in place of the electronic compressi¬ 
bility, the factor of variation through the senes of five metals being 
40 instead of 3 

Under high pressures, the anomaly disappears. The electronic 
compressibilities an respectively 00.30, 00*25, 00*50, 0048, and 
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0,0«19 at 12000 kg Potassium occupies a highly anomalous position, 
except for this, the behavior under high pressure as as we would ex¬ 
pect, the loss of volume per electron for a given increment of external 
pressure being less in the more complex and closely packed structure 
The reversal of the effect at high pressures may be roughly described 
as a removal by the pressure of the “slack’ 1 which initially exists m 
the more complicated structures Because the electronic compressi¬ 
bilities are much more nearly constant than the atomic compressi¬ 
bilities (both at 1 and 12000 kg), it suggests itself that a more fruitful 
line of attack on the problem of the constitution of solids may be 



Figure 8 The instantaneous compressibilities °° C cf the 

five alkali metals as a function of pressure 


found by neglecting the atomic structure and considering the solid 
merely as an aggregate of electrons (and nuclei) In fact, these 
volume relations show at high pressures a very rough similarity to 
the gas law, particularly those of Rb and Cs 

The instantaneous compressibility, , at 0° C ag a func¬ 

tion of pressure » shown in Figure 8 This brings out strikingly 
again the anomalous position of K, it is evident from the figure that 
the anomaly is not to he ascribed to Na. Figure 8 has an important 
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bearing on a suggestion of Professor Richards 14 with regard to com¬ 
pressibility at high pressures. His conception of internal pressure 
has led him to the view that a relatively incompressible metal 
at low pressures behaves like a more compressible metal at higher 
pressures He applied this conception quantitatively to my data 
for Na and K, which were then a\ ailahle An extrapolation equa¬ 
tion for the volume of 1 gm of K was found such that it fitted 
on smoothly at 18000 kg with the volume of a certain weight of Na, 
starting from atmospheric pressure The question now before us is 
whether this is a general relation between all the alkali metals It 
is evident that if this were the case it should be possible to join 


smoothly together the curves 


. 1 / d® \ 

°f -( t ) 

v \ dp/i 


for the different metals, 


merely by sliding them along the pressure axis, without change of 
ordmate Now the figure makes it perfectly obvious that this is not 
the case, because the curves cross, vrhereas there would be no crossing 
if the supposed relation held We conclude, therefore, that there 
are very important individual differences between the alkalis which 
become accentuated as the electronic structure becomes more tightly 


packed Hie figure shows a crossing of the - ( ^ J curve of K by 

v\dp/T 

that of Rb and Cs, indicates that in another 1000 kg the curve for 
Rb will cross that of Na, m another 6000 kg Cs will probably cross, 
and it is not unlikely that Cs will cross Rb, and eventually both of 
these cross Li This is all as one might expect, the surprising and in¬ 
explicable result is the persistent compressibility of K This agam 
lends color to the surmise that I have already expressed several tunes 
that K may have another polymorphic modification at high pres¬ 
sures 

The melting phenomena of the five metals next engage us In 
Figure 9 are shown the melting cun es At atmospheric pressure the 
order of the melting points is the inverse of that of atomic weights 
(or atomic number) but again under pressure K is anomalous, and 
above 10000 kg its melting point is higher than that of Na Rb and 
Cs fall naturally in the sequence, the initial rise of melting point with 
pressure is greater than for the other metals, as one would expect 
The fractional changes of volume on melting do not show the same 
regularity as some of the other properties, and I do not give a figure 
for them At atmospheric pressure the order of the fractional changes 
is 
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Metal 

Fractional Change of 

Volume on Melting 

Li 

0 0060 

Ka 

0231 

Cs 

0256 

Na 

0271 

Rb 

0284 


At higher pressures there is a complicated interchange of positions, 
the curve for Rb crosses that of Na and practically coincides with that 



Prswure, K* /On. 1 X I0‘ 


Figure 0 The melting temperatures as function of pressure of the five 
alkali metals 

of K from 2000 to 4000 kg, Cs drops below K but acts as though it 
might rise above it again, and the curve for K drops off at high pres¬ 
sures with abnormal rapidity, which is one of the pieces of evidence 
for a new polymorphic modification With the exception of Li, the 
approximate equality of the fractional changes of volume on melting 
is interesting, and suggests a fundamental similarity. 
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The latent heats of melting are also interesting. At atmospheric 
pressure these are as shown 

Latent Heat of Melting, 

Metal 

in kg m. pel gm atom 

Li 

49 

K 

215 

Cs 

219 

Rb 

236 

Na 

271 


Again, except for Li, the approximate equality is striking There is 
no connection here with the sequence of atomic weights, any more 
than there was for the change of volume At high pressures, the 
behavior is complicated The latent heat of Na is roughly constant, 
Cs rises rapidly, crossing Rb and Na, Rb is approximately constant 
but falls to a slight minimum at 2000 kg, while K again shows pro¬ 
nounced variation, rising to a maximum near 4000 and then falling 
rapidly to 18 0 at 12000 kg 

One may say in general that the melting data in the alkali group 
do not show as regular variations as do the compressibilities 

Finally we have to consider the electrical resistance under pressure 
In Figure 10 are shown the relative resistances of the five metals at 
0° C as a function of pressure In spite of their apparent complexity, 
there is an underlying regularity m the curves There is a turning 
point for the electrical properties somewhere between K and Rb 
This may be seen by plotting at any fixed pressure the decrement of 
resistance for the various metals as ordinate against atomic number 
(for example) as abscissa. The same sort of turning point is also 
shown on plotting the " conductivity per atom 91 at a definite reduced 
temperature against atomic number. This is described more in 
detail m my report to the fourth Solvay Conference on Metallic 
Conduction. 

The diagram suggests the query whether all the alkali metals 
will ultimately, at pressure high enough, increase m resistance. Hus 
involves an extrapolation of the curves Such an extrapolation is 
not easy, we may obtain a more satisfactory indication by extra* 

1 / dR\ 

pointing the instantaneous pressure coefficient — ( r— ) . If the re* 

« \®f> /T 

sistance has a minimum, the curve of the coefficient must cross the 
axis to become negative. It will be seen in Figure 11 that it is not 
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improbable that Rb may cross the axis, and so have a minimum 
resistance, but it is much more uncertain m the case of K The re¬ 
versal of curvature shown by Cs on the negative side of the axis is, 
however, of great significance If there should be a similar reversal 
for the other metals, they would all, of course, have minima 
It is an interesting question whether the minimum resistance of 
Cs is a function of the crystal structure of the solid, or whether it 
would be shown by the liquid also if pressure could be raised high 
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enough without freezing Figure 12 is an attempt to answer this 
question Here are plotted the resistances under pressure of solid 
and liquid Cs at 95°, the resistance of the liquid being multiplied by 
1/1.704 to remove the discontinuity at the melting point. Tim curves 
for solid and liquid are seen to join together continuously without 
change of slope at the melting point. It is therefore probable that 
the resistance of the liquid would also pass through a minimum if the 
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pressure could be raised high enough without freezing, and we may 
draw the conclusion that the minimum does not involve the par¬ 
ticular mechanism of the solid crystal 
The minimum resistance of Cs cannot but be of great signifi¬ 
cance for theories of conduction It indicates that the conduction 





Pressure, Kg /Cm. 2 X 10 

Figure 11 The instantaneous pressure coefficient of resistance op Jt 

at 0" C X 10" as a funotion of pressure for the three most compressible 
alkali metals 


mechanism is not simple, but that there are several factors involved, 
which may be affected by pressure in different ways. With regard 
to my own theory, which has been developed in several papers, 1 * 
it merely drives me more strongly to a view which other phenomena 
have been more and more insistently suggesting This is that the 
conduction electron, in its way through the metal is effectively eon- 
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fined to certain tracks through the atoms (probably in some cases 
between them) and that passage from atom to atom cannot be 
affected unless the tracks in adjacent atoms are in alignment. Under 
high pressures the atoms may m some cases, depending on the de¬ 
tailed structure of the atom, be so distorted or rotated that the 
tracks get out of alignment, and the resistance increases Such a 



Fiouke 12 The resistance on an arbitrary scale as a function of pressure 
of liquid and solid caesium at 95° The resistance of tho solid has been 
multiplied by such a factor as to remove the discontinuity at the melting 
point, which takes place at the pressure shown by the vertical line The 
smoothness of the curve indicates that the crystal arrangement plays a minor 
part in the resistance phenomena of this metal 

condition would be especially anticipated m caesium because of its 
high compressibility and complicated structure The tracks them¬ 
selves, it is natural to think, are the result of some sort of quantum 
phenomenon It is possible that the track within the atom should 
itself be unfavorably modified by the distortion of the atom due to 
high pressure, but this would be expected to occur at considerably 
higher pressures than the peripheral effect, and may probably be 
disregarded in a first discussion 
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Summary. 

The following new data ore presented for rubidium and caesium, 
the cubic compressibility to 15000 kg /cm *, the melting data (vari¬ 
ation of melting temperature with pressure and the change of volume, 
permitting a calculation of the latent heats) to 100°, and the elec¬ 
trical resistance of both solid and liquid as a function of pressure 
between 0° and 100° to 12000 kg /cm * 

In addition to the new data for rubidium and caesium, the elec¬ 
trical resistance of potassium under pressure has been redetermined; 
the new measurements were made with bare wire The old measure¬ 
ments were made on potassium in a glass capillary, which exerted a 
constraining action The new results do not show the great decrease 
of temperature coefficient at high pressures formerly found 

In the discussion, the properties of all the alkali metals are com¬ 
pared The “electronic” volumes (atomic volume divided by the 
number of extra-nuclear electrons) is plotted as a function of pressure 
Potassium is anomalous at low pressures, its volume being between 
that of lithium and sodium, but the anomaly is wiped out at high 
pressures. The compressibility of potassium is also anomalous, the 
rate of decrease at high pressures being much less than for the other 
metals In general, the pressure volume relations of a compressible 
alkali at high pressures arc not similar to those of a less compressible 
alkali at lower pressures The melting of potassium is also anoma¬ 
lous, at high pressures its melting point becomes higher than that of 
sodium Attention is directed to the fact that with the exception of 
lithium the fractional changes of volume on melting of all the alkali 
metals are nearly the same, as are also the latent heats per gm. atom 
The small scale variations of these quantities with pressure are ir¬ 
regular 

The resistance of caesium is found to pass through a minimum 
with increasing pressure. Comparison of measurements on solid and 
liquid suggest that this minimum is probably not connected with the 
crystalline structure of the solid Comparison with the resistance of 
the other alkalies under pressure suggests that at sufficiently high 
pressures the resistance of rubidium may also pass through a minimum, 
and if the reversal of curvature shown by caesium at high pressures 
should be a property of the other metals, all of them may have minima 
at sufficiently high pressures The general significance of this for a 
theory of electronic conduction is discussed. 
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Introduction 

Although the effect of tension on the resistance of a metal when 
the current flows m the direction of the tension has been measured 
by a number of observers, 1 apparently the resistance to current flow at 
right angles to the direction of the tension has been measured only by 
Tomlinson, 1 and for only two metals The matter is one of consider¬ 
able interest for theories of metallic conduction, and deserves further 
attention. In the following I give the results of measurements of the 
transverse coefficient for several metals I have also measured the 
longitudinal tension coefficient of the same samples, this is desirable 
because the longitudinal tension coefficient varies somewhat from 
sample to sample. In addition to the two tension coefficients, we 
have available the hydrostatic pressure coefficient 1 (not determined 
on the identical samples, but not nearly so variable with the speci¬ 
men) so that the experimental basis for a discussion of the effect of 
changes of dimensions on resistance is now fairly well laid (at least 
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for a few metals). It would be desirable if the effect of a pure shear 
could also be determined, but tins is a matter of much greater experi¬ 
mental difficulty 


Method 

The experimental determination of the transverse coefficient is a 
matter of considerable difficulty The method employed by Tom¬ 
linson 2 apparently leaves much to be desired His specimen was m 
the form of a long narrow strip clamped by the long edgeB so that a 
tension could be applied crosswise of the strip The current passed 
lengthwise of the strip, being led in and out by screw clamps, and the 
resistance was measured with a Wheatstone’s bridge The state of 
stress and strain in such a strip is evidently far from simple, because 
the lateral contraction is hindered, and there are complicated effects 
under the clamps, which may well constitute a considerable fraction 
of the whole It would seem to be a desideratum of a good method 
that no part of the current which takes part in the measurements 
should be allowed to flow under clamps 

For the two metals (iron and zinc) which Tomlinson measured, he 
found that the transverse resistance decreases with tension, the op¬ 
posite of the longitudinal effect 

In attempting to avoid the difficulties of Tomlinson's method, I 
adopted a method which demands two different sorts of measure¬ 
ment The first is the geometrical mean of the longitudinal and 
transverse tension coefficients, while the second is the longitudinal 
coefficient alone From these two data the transverse coefficient may 
be calculated 

Method of Measuring the Geometrical Mean of the Two Coefficients 
In measuring the geometrical mean of the two coefficients, the metal 
in the form of a thin sheet (from 0 0075 to 0 015 cm thick) was cut to 
a rectangle 5 by 10 cm , the two ends gripped by screw clamps, and 
tension applied by a simple lever arrangement lengthwise of the 
strip By way of precaution the strip was insulated from the clamps 
b> strips of mica, although special measurements showed that this 
precaution was not necessary The electrical measurements were 
made on the central portion of the strip. Two sets of measurements 
were made, one transverse and the other longitudinal To make 
either of these sets, a group of 4 contact points was employed, pressed 
against the strip by springs. These are shown in Figure 1 In 
making the transverse measurements current was led into the 
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Figure 1 Shows the plftte with the current and potential terminals 
Either the horizontal or the vertical set was used The current terminals are 
A and D and the potential terminals B and C Tension is apphed lengthwise 
of the plate 

plate at Ai and out at D t The difference of potential between the 
two intermediate contact points B x and Ci was determined on a 
potentiometer, in this way the specific resistance of the metal per 
unit of surface may be determined An exactly similar set of meas¬ 
urements was made with the four vertically disposed contact points 
Measurements made with and without tension grve the effect of 
tension 

Without analysis, one might be inclined to think that the measure¬ 
ments with the transversely arranged points would give the transverse 
coefficient, and those with the longitudinal points the longitudinal 
coefficient, but detailed mathematical discussion, which will be given 
later, shows that this is not the case Except for various corrections, 
both measurements should give exactly the same thing, namely the 
geometrical mean of the conductivity per unit surface longitudinally 
and transversely At best, then, these two sets of measurements 
give merely a check on each other, which is not without value As 
a matter of fact, however, the various corrections turn out to be so 
much huger with the longitudinal arrangement, that in making the 
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final computations only those results were employed which were ob¬ 
tained with the transverse arrangement 
Some of the details of construction require comment. The contact 
points were large needles pressed against the metal strip with helical 
springs The strip was backed with a piece of hard rubber to prevent 
its bending under the pressure of the contacts The contact points, 
with the springs and the backing piece of rubber were constructed as 
one self-contained unit, which was independentiv supported, so as to 
float freely at the center of the metal sheet and follow, without in¬ 
troducing any stresses, the slight displacements due to applying and 
removing tension A special holder was used m assembling the ap¬ 
paratus to avoid bending the thin metal sheet The current and 
potential leads were flexible copper wire, about 0 015 cm in diameter, 
soldered to the needles close to the points so as to minimize thermal 
emf'fl Because of the smallness of the effect it was necessary to 
use rather large currents, of the order of half an ampere Since the 
resulting heating effects might be very serious, it was necessary to 
put the metal sheet with the contact points in a kerosene bath rapidly 
stirred Measurements were attempted only at room temperature 
The spacing of the four points was maintained always the same by 
the use of a special ]ig, with this, holes were made in a piece of thin 
cardboard, by which the points were located, and then the cardboard 
was removed by tearing it apart along cuts previously made in it 
with a razor blade Some such use of a ]ig was necessary, because 
the needles themselves had to be given some freedom of motion to 
follow the displacements due to tension The points were equi- 
spaced at approximately 6 mm., making the distance between A% 
and D\ 1 8 cm , and similarly for the longitudinal points 
In terms of the potentiometer measurements the absolute value 
of the mean surface resistance may be found with and without tension. 
However, the chief interest of this work is not m values of absolute 
resistance, but in the percentage changes produced by tension, so that 
a somewhat simplified and more sensitive procedure in making most 
of the electrical measurements was adopted. The potential terminals 
Bi and C t were connected to a senstive moving coil galvanometer 
(5 cm deflection per micro-volt) Another emf. was introduced 
into the same circuit and could be varied by a simple arrangement of 
vanable shunts so that the e m f due to BxOi could be neutralized 
The galvanometer zero was noted Tension is now applied to the 
specimen, the resistance changes, the emf due to B £» changes, 
and the galvanometer balance is upset, giving a displacement, which 
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is noted The load is removed, and again the galvanometer zero 
noted. This is repeated a number of times, and the mean of the dis¬ 
placements taken The change of resistance of the specimen cor¬ 
responding to the galvanometer deflection was determined by finding 
the deflection caused by known changes of resistance m the balancing 
circuit. These resistances were so chosen that simple proportionality 
holds between the deflections and the changes of resistance 

This method would not be applicable unless equilibrium were 
reached very rapidly Due to the thinness of the metal sheet and 
the rapid stirring, all temperature effects arising from the application 
of tension are dissipated in a time less than that required for the gal¬ 
vanometer to reach equilibrium, so that it is possible to make readings 
every half minute or less 

It will be seen that the method assumes that the current between 
the current leads Ai and is unaffected by the tension This was 
assured by the relative values of the various resistances The current 
leads were fed by a storage battery of 12 volts through such a re¬ 
sistance as to cut the current to an ampere or less The actual 
resistance between A \ and D x is of the order of a few ten thousandths 
of an ohm, and the changes in resistance due to tension are of the 
order of a small fraction of a per cent of this, so that any changes in 
the feeding current may be entirely neglected 

In addition to these relative measurements of the effect of tension, 
absolute measurements with the potentiometer were made of the 
resistance under no load, from which the specific resistance of the 
metal was computed, and used as a check by comparing with the 
accepted values for the metal 

In applying tension to the specimen, considerable care is necessary 
to avoid any shock which might result in permanent set This was 
accomplished by attaching the scale pan to the lever by a long helical 
spring An arrangement of levers permitted the application and 
removal of the load by the observer at the galvanometer without 
changing his position 

Mathematical Theory of the Meaeuremente of the Geometrical Mean 
Coefficient The mathematical problem is one of flow in two dimen¬ 
sions in an anisotropic homogeneous substance, the anisotropy con¬ 
sisting of different conductivities in two perpendicular directions. 
Taking the x and y axes as the axes of principal conductivity (length¬ 
wise and crosswise of our sheet under tension), we have 
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where u* and w„ are the components of current, <p the potential, and 
k i* and k% the principal conductivities Since the condition is a 
steady one we also have the equation of continuity 


Div u - — + ™ * 0, 
ox ay 

which, on substituting from above, becomes 
*' dx* + 1 dy* 0 

This may be reduced to the equation for an isotropic medium, the 
solution of which is known, by the change of variable 


giving 


* y - kw 

dn* 


The case in which we arc interested is that of a source and a sink 
symmetrically situated on one of the median lines of a rectangle. 
We simplify our discussion at first by replacing the rectangle by an 
infinite plane The solution may obviously be built up from two 
point singularities of the type 


<P = — log r, 

where_ 

r - V({ - {.)* + (V -Vo ) 1 

Consider the auxiliary {, y plane, with one point singularity at the 
origin {fo ** flo ™ 0), the specific conductivity of the £, y plane being 
unity. Then the solution ip -* — log r corresponds to a source at 
the origin of the auxiliary plane, current flowing uniformly from the 
source in radial lines to infinity, the total current flowing from the 
source being 2% Changing back the^vanables now gives us a possible 
solution in the x, y plane, namely 

*„_i 0 gJZ+Z 

v g vki'^kt* 

We have to ask what is the corresponding current (/) flowing from 
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the source in the x , y plane. The result may be obtained by inte¬ 
grating Un over umt circle about the origin 

u n *= u B cos xn + u w cos yn 


x . y 

Uj- + U v - 

r r 


Now differentiating ip and substituting above, 




x 


£ + £’ 

W kt 1 


u v 


y 


*' , t: 

1.* M 


«n = 


T 


"** . V 1 

kf fc.* 


Wc have 
unit circle 


to form 
(s*+ y 2 


I 



Unds, where ds is the element of arc of 


ds* 

ds 

I 


da? + dy\ dy~-~d* t 
V 



\ f'un-dx = 4 C -_- 


dx 


[w + **(*•* *.*)] 


This integral may be readily evaluated (See e g B. O Pierce's 
Tables of Integrals, No 158), giving 

I « 2xfciii (1) 


Now apply this to the special problem m hand, where we have a 
source and a sink of equal strength The solution above applies, 
taking successively the origin at the source and sink, and using the 
minus sign for the sink Our problem is to find, for an infinite sheet, 
the difference of potential between B i and C i due to a source at A x 
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and a sink at D t (see figure 1) The distance A,D t is denoted by 
2/3, and B,Ci by 2a We have at once 

6 a 

Potential at B due to source at A is — log—r— 

- k\ 

Potential at B due to sink at D is + log • 

kt 

a I a 

Total potential at B is log --• 

P *— * 


Potential at C due to source at A is — 


log 


0+ a 

Jfci 


Potential at C due to sink at D is + log 


— « 


q _ £ 

Total potential at C is log —;— 

P + a 

Whence 

P — * 

Now the effective resistance between B and C is defined (and 
measured) as (v B ~ <p c ) //, which becomes 



+ a 

0 -g 


on substitutmg the values. 


( 3 ) 


The essential feature of this solution is that &i and k, enter sym¬ 
metrically, so that by this method only the geometrical mean of the 
conductivities in two mutually perpendicular directions can be deter¬ 
mined 

In applying this mathematical analysis directly to the experimental 
arrangement two corrections are involved In the first place, the 
actual three dimensional flow in the immediate neighborhood of the 
contact points by which current enters and leaves is replaced in the 
analysis by a current everywhere two dimensional A precise mathe¬ 
matical discussion of the correction for this effect is complicated, and 
in view of the experimental irregularities there is probably little 
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point m attempting it The correction is probably beyond the limits 
of error, because of the thinness of the sheet compared with the dis¬ 
tance between the current leads, this ratio was of the order of 1/150 
for the metals used The sign of the effect is to make the specific 
resistance calculated without correction too large The effect of ten¬ 
sion is to leave this (regarded as a per centage correction) unchanged 
for the transverse position of the points, but to decrease it slightly 
for the longitudinal position The reason for this is that the ratio of 
the separation of the points to the thickness of the plate is un¬ 
changed by tension in the transverse position, but is changed in the 
longitudinal position 

The second correction is for the finite size of the plate, and is much 
more important The rigorous solution for the finite plate may be 
obtained from the solution above for the infinite sheet by a simple 
application of the method of images 1 owe this idea to a remark of 
Mr B O Koopman In applying the method, the plane is cut up 
into a set of rectangles similar to the original rectangle, with a source 
or sink in each rectangle m the same position as in the original rec¬ 
tangle In the strip of rectangles laid off in the direction of the four 
points the signs alternate, the source being alternately to the right 
and the left of the sink, whereas in the strip runmng perpendicularly 
there is no alternation 

I have earned through an approximate evaluation of the correction 
for the transverse position of the points The calculations are not 
too long with the actual dimensions of the metal sheet used in the ex- 
penment The correction turns out to be approximately 12%, and 
m this particular case is contributed almost entirely by the phantom 
rectangles m the strip parallel to the direction of the points, the con¬ 
tributions of all the others nearly cancelling each other and being 
intrinsically smaller As a matter of experiment, the mean of the 
specific resistance of all the metals measured, applying the formula 
for the infinite plane to the data obtained from the transverse position 
of the points, was 15% higher than the accepted values, sufficiently 
good agreement 

Hie calculation of the correction for the longitudinal position of 
the points is more difficult, because of slower convergence of the 
series, and I did not attempt it It is evident from inspection, how¬ 
ever, that the correction will be considerably larger than for the 
transverse position, and this agrees with the experimental fact that 
the uncorrected resistance from the longitudinal measurements was 
25% high. 
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Besides determining the correction for the finite size of the sheet, 
we must also determine how the correction changes when tension is 
applied, thereby changing the dimensions of the plate, and also making 
the resistance anisotropic Here the condition for the transverse 
position is very much simpler than for the longitudinal position We 
have aeon that the correction terms are contributed m the transverse 
position almost entirely by the phantom rectangles extending in the 
strip parallel to the four points The terms in the potential arising 
from the nnuges are logarithms of distances with plus and minus signs 
(sources and sinks), which may be written in terms of ratios of dis¬ 
tances Under tension, all the effective distances m the strip of 
phantom rectangles are changed uniformly because of the change of 
dimensions of the sample, and there is superposed another virtual 
change, also uniform, because of anisotropy Hence the ratio of the 
distances (which enters the expression for the potential) are unchanged 
and hence the percentage correction on the absolute resistance is un¬ 
changed, so that the percentage change of resistance under tension 
may be calculated without correction from the formulas obtained for 
the infinite plane For the longitudinal position, however, the con¬ 
tributions by the strips of phantoms running in both directions must 
be considered. The distortion is different in different directions, so 
that there is a correction Tins is complicated to compute, and I 
ha\e not attempted it One may see by inspection, however, that 
the uncorrected change of resistance calculated from the longitudinal 
readings will be too large, and this agrees with the experimental facts 

In the actual calculation of the results, I have used only the data 
obtained with the transverse position of the points, demanding 
merely that the longitudinal readings should agree with what might 
lie roughly expected 

Formula 3 yields the two dimensional specific resistance of the 
metal sheet In calculating the ordinary resistance per cm cube, 
the thickness of the sheet enters The thickness is dianged by ten¬ 
sion, so that a correction has to be applied for it, the numerical mag¬ 
nitude of which is evidently a/E, where a is Poisson’s ratio, and E 
Young's modulus The correction is of such a sign that the actually 
measured proportional increase of resistance is greater than the pro¬ 
portional increase of specific resistance 

Method of Measuring the Longitudinal Coefficient The measure¬ 
ments just described give the geometrical mean of the longitudinal 
and transverse coefficients. The straight longitudinal coefficient was 
measured in much the same way, using the same arrangement of 
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levers, and kerosene bath, and electrical measuring apparatus The 
specimen was a strip 1 25 cm wide and 10 cm long, cut lengthwise 
from the specimens the geometrical mean of which had just been 
measured This strip was clamped at either end to screw clamps by 
means of which the tension was applied, and through which the 
current was led mto and out of the specimen The potential dif¬ 
ference between two points 3 cm apart in the center of the strip was 
taken off with needle points pressed against the strip The dimen¬ 
sions of the strip ensure that at the center the lines of flow arc straight 
and uniformly distributed, so that the change of resistance (measured 
m terms of galvanometer deflection as above) gives directly the longi¬ 
tudinal effect The numerical magnitudes arc much more favorable 
here than in the first case, so that it was possible to get the pure longi¬ 
tudinal coefficient with much greater accuracy than the geometrical 
mean 

In reducing the actually measured proportional changes of resistance 
to proportional changes of specific resistance, corrections must be 
applied for the increase of length due to tension and for the lateral 
contraction in both directions at right angles to the length The 
magnitude of the correction is evidently (1 + 2 <j)/F, and is in such 
a direction as to make the increase of specific resistance with tension 
less than the measured increase 

Expeiiimln'ial Details 

The experimental details were comparatively straightforward, but 
much care was necessary t>ecause the effects are so small Greater 
sensitiveness is obtained by using a greater current, but an upper 
limit is soon readied because of the heating effects, which increase 
as the square of the current The currents were chosen as near the 
upper limit as feasible Much may be gained by properly directing 
the action of the stirrer by which the bath is kept at constant tem¬ 
perature In applying load to the specimens much care must be 
taken to remain below the elastic limit, as the properties after even 
moderate overstrain may be greatly altered This point is to lie em¬ 
phasized, I believe that m early work it has not been sufficiently 
regarded The elastic limit of some of the softer metals in the thor¬ 
ough annealed condition is surprisingly low I found it impossible 
to obtain with this apparatus the effect on aluminum, although many 
attempts were made, because of the exceedingly low elastic limit of 
the annealed pure metal Hie results obtained with gold and copper 
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are also exceedingly uncertain from this cause Silver gave less 
trouble The harder metals, iron, nickel, palladium, platinum, gave 
entirely satisfactory readings, large enough not only to allow a deter¬ 
mination of the average value of the coefficients, but also to allow an 
investigation of the linearity of the relation between stress and change 
of resistance For theoretical use I believe it is safe to use the trans¬ 
verse coefficients of only the harder metals, but the longitudinal coef¬ 
ficients of all should he trustworthy* 

Aluminum This was of very unusual purity, containing not over 
0 03% total impurity, and was obtained from the same source as the 
specimens for which I have previously measured the compressibility 
and the effect of tension on thermal conductivity 4 It was annealed 
for several hours at 300° It was so soft and the elastic limit so low 
that no measurements of the transverse effect with the four point 
apparatus could be obtained A number of attempts were made to 
obtain the transverse effect, but in all cases loads had to be applied 
beyond the elastic limit to obtain anything measurable, and the 
attempt was abandoned The exceeding of the elastic limit was 
shown not only by permanent change of dimensions, but also by 
failure of linearity between stress and change of resistance 
I was able, however, to get better measurements than hitherto of 
the pure longitudinal effect This turns out to be very sensitive 
indeed to slight permanent stretch The coefficient of a specimen 
slightly stretched beyond the elastic limit was only one third as great 
as the highest value obtained on a specimen whose elastic limit had 
not been exceeded The maximum stress applied to the best specimen 
was only 130 kg /cm* Within the limits of error, which were some¬ 
what large, the effect is proportional to the load This is not the 
case, however, for aluminum which has been strained beyond the 
elastic limit, the effect departing markedly from linearity and be¬ 
coming less at the higher stresses 
Two different specimens of aluminum which had apparently not 
been permanently stretched gave values of the pure longitudinal 
coefficient not very different from each other, and both were larger 
than the values which I have obtained before, and larger than values 
by other observers The new values are doubtless to be preferred 
Gold This was sheet 0 012 cm* thick, obtained from Baker and Co 
and stated to be of the highest possible purity (guaranteed better than 
99 9%) It was annealed by Baker, and also one piece was further 
annealed by me, but with no perceptible change in the coefficient. 
Measurements of the purely longitudinal effect were made on three 
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different specimens with fairly concordant results I cannot find 
that the pure longitudinal effect has been previously measured for 
this metal. The value obtained now is interesting because it is so 
high. The longitudinal effect is linear with tension with an error 
not more than 3 or 4% over the range of stress applied here, which 
was not more than 120 kg /cm* The transverse effect for gold was 
very much less than the longitudinal effect, but is so uncertain that 
I have not tried to assign any probable value to it 

Copper Ordinary commercial sheet copper, annealed, was used 
There were two different specimens, of thickness 0 012 and 0 20 cm 
The measurements of the purely longitudinal effect on the two speci¬ 
mens agreed within 4%, and also agreed with a result which I have 
previously found for copper of unusually high purity, so that evi¬ 
dently the amount of impurity in commercial copper does not in¬ 
troduce any perceptible error here Two measurements were also 
made of the geometrical mean of the two effects; these both agreed 
in giving a measured effect so small as to be zero within the limits of 
error The check measurements with the four points in the longi¬ 
tudinal position behaved as they should for one of the samples, but 
for the other gave an effect of the wrong sign, for some reason which 
I have not been able to find. This is the only case of such a discrep¬ 
ancy in all this work, and throws considerable suspicion on the results 
obtained with the transverse position 

Stiver This was obtained from Baker and Co of the highest purity, 
in the form of annealed sheets 0 012 cm thick Two samples were 
used The behavior when stretched beyond the elastic limit is the 
same as was found for aluminum, namely the purely longitudinal 
effect becomes small, m this case about 65% of the effect when the 
limit is not exceeded Measurements of the purely longitudinal effect 
on two different pieces gave coefficients agreeing within less than 
1% The effect is linear within 2% over a tension range of 250 
kg /cm 8 The geometrical mean effect was measured on one speci¬ 
men It is linear with tension up to 300 kg /cm 8 within an experi¬ 
mental error of 10% 

Platinum. This was annealed sheet, 0 012 cm thick, of the high¬ 
est punty (99 9% or better) from Baker and Co, Only one specimen 
was used The pure longitudinal effect agreed within about 3.5% 
with the value which I have previously found for platinum rod It is 
linear to bettor than 1% to 400 kg /cm 8 , the highest tension used. 
The geometrical mean is linear within 4% up to 420 kg /cm 8 , and 
was large enough to give very comfortable measurements The 
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behavior for the longitudinal position of the points is os would be 
expected 

Palladium This was similar m dimensions to platinum, was ob¬ 
tained from the same source, and was stated to be of the same purity 
(99 9% or better) There seems, however, for some reason to be 
considerable difficulty m getting pure palladium, so that I tried to get 
a check on the purity by measuring the temperature coefficient of 
resistance of a piece of palladium wire drawn by Baker from metal 
from the same lot The coefficient was very low, only 00030, so 
that it would seem that the purity is probably not as high as estimated. 

The purely longitudinal coefficient agreed within 4% with the value 
which 1 have previously found The relation is linear with the stress 
to better than 1% up to 400 kg /cm \ the highest tension used The 
geometrical mean coefficient W'as measured for three different loads to 
a maximum of 440 kg/cm 8 The irregularities were greater than 
usual, the maximum departure from the linear relation being 15%, 
but there is no reason to think that this is other than an effect of ac¬ 
cidental errors, or that the effect is not actually linear 

Iron l was not able to obtain pure iron in sheets thin enough for 
the purpose, and had to content myself with a commercial mild steel 
of low carbon content The thickness was 0 010 cm The dimen¬ 
sions of the original sheet wer? large enough to allow two samples to 
be cut, parallel and at right angles to the direction of rolling This 
was not possible with the other metals 

The purely longitudinal effect of the two specimens agreed to three 
significant figures The value is about 20% lower than I have pre¬ 
viously found for iron of very high punty, and agrees essentially with 
the value found by Tomlinson for iron of no espec ml purity The dif¬ 
ference is evidently to be ascribed to the carbon content It is 
interesting to note that m every case examined so far the effect of 
impurity is to low r er the longitudinal tension coefficient of resistance 
(if there is any effect at all) Impurity also lowers the temperature 
coefficient and the pressure coefficient 

The geometrical mean effects for the two specimens did not agree, 
but was less by 25% for the specimen to which tension was applied in 
the direction of rolling 

Both effects for both specimens were linear with tension Because 
of the largeness of the effect it was possible to make a rather careful 
examination of this point The greatest departure of any reading, of 
which there were 12 in all, from linearity was 5% The maximum 
load used was 250 kg /cm s 
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Ntckel Two specimens were used from two different sources Both 
were what is known commercially as pure nickel, and were somewhat 
over 99% pure nickel Both were m the form of sheet 0 012 cm thick, 
and were annealed 

It is well known that the pure longitudinal effect is abnormal l>oth 
with respect to sign, and departure from linearity, and hysteresis 
The results obtained with any single specimen are a strong function 
of the past history The disentanglement of all the complicated 
effects in nickel would constitute an elaborate btudy, and was much 
beyond the scope of this work I contented myself here with merely 
determining whether the sign of the transverse effect vould also be 
found to lie abnormal 

The results found with the two specimens agreed in character, al¬ 
though the numerical agreement is not close It is not worth while 
to try to reproduce here the complicated results found, but 1 will 
merely indicate the general nature 

Both purely longitudinal and geometrical mean effects show hyster¬ 
esis, saturation (or more probably a maximum), and complicated 
dependence on the past history The following numerical values 
were found for one of the samples Under a load of 378 kg /cm 2 the 
measured purely longitudinal effect was a decrease of resistance of 
000540 Correcting for distortion, this becomes a proportional 
decrease of specific resistance of 0 00570 for this load Under the 
same load the geometrical mean of longitudinal and transverse 
effects was found to be —0 00189 Correcting for distortion tins 
becomes —0 00200 Tins is less than half the pure longitudinal 
coefficient, so that it is evident that the transverse specific resistance 
increases under tension Detailed calculation gives a proportional 
increase of transverse specific resistance by 0 00170 for the load of 
378 kg /cm 2 

The chief conclusion to be drawn from these measurements on 
nickel is that the longitudinal and transverse coefficients arc of op¬ 
posite sign Because of the abnormal character of nickel, I shall not 
attempt to discuss further the significance of the results. 

Numerical Results 

In Table I are reproduced the numerical results found for all the 
metals except nickel In column 1 are given the names of the metals, 
in column 2 the measured longitudinal effect, expressed as fractional 
change of resistance for a tension of 1 kg /cm *, m column 3 the meas- 
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ured results of column 2 are corrected for the distortion by tension 
so as to give the change of specific resistance for a tension ol 1 kg /cm * 
The correction by which column 3 is obtained from column 2 is 
(1 + 2u)/E. Column 4 contains the measured change of resistance 
as given by the four point apparatus with the points in the transverse 
position In column 5 the results of column 4 are corrected for the 
distortion produced by tension by subtracting the term o/E, giving 
the geometrical mean of the effect of 1 kg /cm 2 on longitudinal and 
transverse resistance Finally, in column 6 is given the effect of 
tension on specific resistance transverse to the direction of the tension 
Column 6 is obtained by subtracting from column 5 half of column 3 
and multiplying by 2 The essentially new results, to obtain which 
this investigation was made, are those contained in column 6, the 
results of column 3 are also necessary for any theoretical discussion 
f , The transverse coefficient may have either sign The eases of 
negative sign are much less certain than the positive cases The 
negative value for gold is very uncertain, that for silver is so small 
that within experimental error it might well be positive, and the value 
for copper is also very uncertain, as may be seen by examining the 
measured geometrical mean effects It is perhaps significant that 
the negative coefficients are shown by the softer metals The positive 
values for palladium, platinum and iron, are, however, much more 
certain experimentally, the effects were larger, larger stresses could 
be applied, and the corrections for distortions were smaller and more 
certain The positive sign is the reverse of that found by Tomlinson 
in the two cases examined by him 

Theoretical Discussion 

In the first place, we are now in a position to answer a question of 
somewhat formal character raised m connection with the effect of 
tension on the resistance of the abnormal metals, namely whether it 
is possible to connect the changes of resistance directly with the 
changes of dimensions, changes of dimensions at right angles to the 
direction of current flow affecting the resistance differently from 
changes parallel to the flow The coefficient of proportionality may 
be written k i for parallel (longitudinal) changes, and k« for perpen¬ 
dicular (transverse) changes This involves in general writing for 
the change of resistance, 
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where Aa«/*j denotes the strain in the direction of flow, and A bjh 
that at right angles to it, the latter appearing twice because there are 
two directions perpendicular to the flow The equation as assumed 
involves two coefficients The assumption may be checked by com¬ 
paring the values of A R/R given by three independent kinds of ex¬ 
periment, which the data of this paper now for the first time place at 
our disposal, namely the changes of resistance under hydrostatic 
pressure (given by previous work), longitudinal changes under tension, 
and transverse changes under tension. For these three kinds of 
stress we have the following deformation* 

Hydrostatic pressure 

A 6i m Aji p 1 1 / dv \ 
h 3 v \ dp )t ^ 

Tension, longitudinal effect 

A hi T /A«,\ (**l\ — — 

*i~E f V it )r\ it )r e 

Tension, transverse effect 

Aa f ^ _oT /A6,\ L /A£i\ _ 

"«i B' V «"V B' 


(T is tension ) 

*T 


Hence we ha\ c the following three equations for the two coefficients 
ki and fcf 

Hydrostatic pressure 


i _ AR 

ll/dv\ R 

AW. 

Tension, longitudinal 


kt + 2k t 


E AR 

r r 


ki —2 ski 


Tension, transverse 

E AR i i ,, . 

r 7T “ ~ — «)• 

Putting p and T equal unity gives to A R/R the values of pressure or 
tension coefficient The values used in checking the equations are 
given in Table II 
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The check is applied by comparing the observed value of 
— cfei + (1 — c)kt with the calculated value* The check is prob¬ 
ably as good as could be expected for Pt, Pd, and Fe, the metals 
for which the transverse coefficient was determined with the greatest 
accuracy, is not bad for Ag, considering that the calculated value 
is the difference of two numbers nearly equal, while for Au and Cu 
there is no agreement, but the experimental values were also ex¬ 
ceedingly uncertain 1 believe that these results give rather high 
probability to the legitimateness of the assumption made as to the 
connection between distortion and change of resistance, and that for 
the soft metals, for which the transverse effect is exceedingly difficult 
to measure, the transverse effect may probably be calculated from 
the hydrostatic pressure and longitudinal tension effects with greater 
accuracy than it can be measured 

The numerical values of ki and k t are of interest In all cases they 
are positive (that is, increasing the distance between atoms in¬ 
creases resistance), and k t is numerically less than ki It is perhaps 
at first unexpected that k t is not zero A reason is at once suggested 
by any free path theory of conduction, for the motion of those dec* 
trons which are m paths inclined to the e m f. is affected by trans¬ 
verse strain because the transverse strain has a component along 
the path 

This formal expression for the change of resistance in terms of 
strain allows considerable latitude in the underlying physical picture. 
For instance, if the free flight is from atom to atom, through the sub¬ 
stance of the atom, as I have supposed in my theory for normal 
metals, the coefficient kt would be expected to be the moat important 
and positive, whereas if the path lies between the atoms, k t would be 
most important and negative The values found above correspond 
to the expectation for a normal metal 

It is one of the tasks of any complete theory to reproduce the ex¬ 
perimental connection between these three effects, or to reproduce 
ki and k t This 1 believe no theory is at present m a position to 
attempt, but we may get some indications of the relative magnitudes 
of the transverse and longitudinal effects I have already given some 
discussion of this question in connection with the longitudinal tension 
coefficient. The conclusion there drawn was that the classical free 
electron theory, in which the electron is free to drift in the direction 
of an applied emf, irrespective of the direction of the free path re¬ 
lative to the e m f, must be modified by picturing the electron as 
moving in something like a fixed groove, so that the velocity of drift 
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imparted by the applied e m f is directed along the original path, 
and is effectually produced only by the component of e m f along 
the path 

This conclusion is much strengthened by the new evidence of this 
paper There was, however, an error in the mathematical analysis 
of the former paper 5 which must be corrected The problem is to 
integrate the effect of strain over all directions The physical as¬ 
sumption made is that the change m length of any electronic free 
path is proportional to the geometrical elongation in that direction 
In terms of my previous theory, this means a normal metal, m which 
there are no free paths between the atoms It is also assumed that 
when a body is strained there is no redistribution of the relative 
number of electronic paths in different directions, nor any redistri¬ 
bution of velocity This amounts to maintaining one of the funda¬ 
mental assumptions of the classical theory, namely that after the 
free paths of the electrons have been terminated by collision, the new 
distribution of velocities is entirely at random This means that the 
entire effect on resistance produced by strain is due to an alteration 
of length of free path 

Consider now the strain due to tension In the direction of the 
tension there is an elongation 

d T 

— 5=8 - 

l E' 

and at right angles to the tension a contraction 


si T 



For any intermediate direction, making an angle 6 with the tension, 
the elongation is 


si 

l 


— (cos* 8 — a sin’ 8) 
E 


T 

In the proceeding paper an incorrect expression, - [1 — (1 + <r) sin 0] 

Ed 


was used for this. We now assume that the free path, L, of an 
electron in any direction in the strained metal is related to the free 
path in the unstrained metal, I>«, by the equation 


L 


1.^1 + 


1 (cos* 8 — e sin* 

Ed 
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where a is an empirical constant, and may most easily be evaluated 
m terms of the pressure coefficient of resistance 
Consider now a metal to which an e m f 8 is applied, and an 
electron moving in a free path making an angle <p with 8 The con¬ 
ventional free electron analysis gives for the velocity of drift in the 


direction of 8 the expression ~ — —, provided the force 8 produces 

2 m e 

full drift m its own direction Here t> is the normal electron veloc¬ 
ity, supposed large compared with the velocity of drift The result 
is obtained as follows The time of free flight is L/v y the force 
acting is 8e> the acceleration is 8e(m, the velocity of drift at the 

end of free flight w- and hence the average velocity of drift is 
v m 


1 — — The total current is obtained by integrating, or 

2 T?i t; 


f* f r Se L. fl r 
I I n — — sin 8 

J » J o m v L 


1 + a -r, (cos® 0 — a sin* 
h 


6)Jrfe, 


where 6 and ^ are ordinary polar coordinates, and n is the number of 
free electrons per unit volume per unit solid angle The conductivity 
is obtained from this equation by dividing both sides by 8, or by set¬ 
ting 8 equal to unity 

But if the electron is not free to drift completely m the direction 
8, but is constrained to maintain its original direction, then the 


component drift in the direction of 8 


1 Se L a 
is “ — — cos 8 ?, cos <p 

2 m r 

entering once because 8 must be resolved along the path, and again 
because the drift so produced must be resolved along 8 The con¬ 
ductivity is now 


X 



— sin 0 cos* Jl + 
mv L 


T 

a - (cos* 0 —a sin* 
22 



a 


Our problem is now to evaluate these expressions corresponding to 
different special cases First consider the expression given by the 
hypothesis of unrestrained drift It is at once evident that the con¬ 
ductivity is independent of the direction of S, that is, the transverse 
change of resistance is the same as the longitudinal change The 
reason of course, is that under the assumptions every electron makes 
a contribution to the total conductivity determined only by its time 
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of free flight, and independent of the direction of S This conclusion 
u directly contrary to the experimental evidence, and demands that we 
abandon this conception of free flight The same assumptions would 
also lead us to the conclusion that in a crystal the resistance must be 
the same in all directions, whuh again is directly contradicted by ex¬ 
periment 

For convenience of reference we record the result of carrying out 
the integration on the hypothesis of unrestricted drift. The result 
is 

1 T 

Xi = X t cu 1 + - a - (1 — 2u), unguided path 

O rj 


Turn now to the assumption of guided paths We have to consider 
two cases, S along the tension, or at right angles In the first case 
cos ip *= cos 0, and in the second cos^ = sm 0cos 4* Htnce we 
have respectively for the longitudinal and transverse conductivities 


Xi tu 1 + - a 
5 


50 - 5 ) 


AT, <u 1 +|a|(l -4a) 


guided path 


t For hydrostatic pressure, L ■* I, t (l -f atftp), where k is the 
linear compressibility The two hypotheses give 

Xp M r. dty J* sin 0(1 + odcp)M cu 1 + akp, unguided path, 

/*!* S'* 

Xp w j dty l sin 0 cos 2 0(1 + akp)d% fu ] -f akp, guided path 


In applying this analysis, we have assumed n unaffected by the 
strain But now it has been one of the assumptions of our theory 
that the number of free electrons per atom is constant This means 
that m making experimental comparisons we must use the various 
coefficients " corrected for change of volume/' as was done in the 
1923 paper 

We may first apply the formulas given above to correct the previous 
results 6 The ratio of pressure coefficient to longitudinal tension 
coefficient for the unguided path should be 


3kE 

1 
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The sign of this does not agree with experiment, as already indicated 

()n the guided path theory, the ratio is 

5 kE 

Assuming for a the mean value 1/3, this is (15/7 )kE The value 
previously found was 4 IkE 

Using the new data, we now compare this expression with ex¬ 
periment The results are given m Table III, columns 4 and 5 
The agreement is not good It is to be noticed, however, that the 
new value for the longitudinal tension coefficient of aluminum re¬ 
moves aluminum from a markedly exceptional position In the last 
column of the table, is given the corrected transverse coefficient, Xt, 
for purposes of reference 

Returning now to the expressions for Xi and X t on the guided path 
theory, we sec that there is provision for a variation of sign Xi is 
always positive for those normal metals whose resistance decreases 
under hydrostatic pressure The reason is that 1 — 2a/3 is always 
positive, the maximum value of a consistent with stability being 
0 5 X t on the other hand, is negative if a is greater than 0 25 Now 
a is greater than 0 25 for all the metals listed here, but nevertheless 
Xt is positive for the more certain ones It is evident, therefore, that 
the picture of the free path given above does not correspond exactly 
to the facts, but it must be credited with making a step in the right 
direction in allowing either sign 

It is evident that a closer approach to experiment may be made by 
taking some sort of a mean between the guided and the unguidcd 
path formulas The physical significance of this may be perhaps 
that both effects are present 

We turn now to another question connected with the tension coef¬ 
ficient, namely connection with crystal symmetry The metals ex¬ 
amined in this paper all belong to the cubic system crystallographic- 
ally, and may therefore be expected to show a certain simplicity as 
compared with other metals It should nevertheless be recognized 
that even with the cubic metals crystal structure has an effect, and 
that the quantities X\ and Xt may be expected to be different for 
samples cut m different directions from a single crystal The reason 
of course is that the strain produced by tension is a function of the 
orientation The values found above experimentally are mean 
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values The pressure coefficient of resistance f on the other hand, is 
independent of the orientation of the specimen Experimentally we 
may have a manifestation of the effect m the different results obtained 
for iron parallel and perpendicular to the direction of rolling 

The general problem of determining the number of constants re¬ 
quired to completely determine the resistance in all directions for any 
system of stress m a single crystal belonging to any crystallographic 
system does not seem to have been discussed 

Summary 

A new experimental method for measuring the change of resistance 
in a metal under tension when the direction of flow is at right angles 
to the tension (transverse coefficient) has been developed The 
method gives immediately the geometrical mean of the transverse 
and longitudinal coefficients An independent determination of the 
longitudinal coefficient permits a calculation of the transverse 
coefficient Measurements are presented for 8 metals* Nickel is 
abnormal, as it also is with respect to the longitudinal coefficient 
It is established that the signs of the two coefficients are opposite for 
Ni The values found for the softer of the other metals, Al, Au, Ag, 
and Cu, are uncertain because of the smallness of the effect and tl e 
necessity for remaining below the elastic limit It is probable that 
the transverse coefficients of some of these metals arc negative The 
results for Pd, Pt, and Fe are much more certain The transverse 
coefficients of these are positive; this sign is the opposite of that found 
by the only previous observer, Tomlinson 

In the discussion it is shown that probably all changes of resistance 
due to deformation at constant temperature may be described in 
terms of two coefficients, one connecting the change of resistance with 
changes of dimensions at right angles to the current flow, and the 
other connecting with changes of dimension parallel to the flow It is 
the task of theory to reproduce these two coefficients It is pointed 
out that if some form of free path theory of conductivity is main¬ 
tained it is not possible to suppose the electrons free to drift unre¬ 
strainedly in the direction of the applied force, for under such con¬ 
ditions the transverse and longitudinal coefficients are equal It 
must be, therefore, that the electrons are constrained to a certain 
extent to move along guided paths in the metal. No theory is at 
present able to account satisfactorily for all the deformational effects. 
With regard to my own particular form of free path theory, a cor- 
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rection in a previous calculation of the longitudinal tension coefficient 
from the pressure coefficient is made by which the agreement between 
calculation and experiment becomes less good It must be recog¬ 
nized, however, that this form of theory is so far m accord with the 
facts as it allows a transverse coefficient of either the same or opposite 
sign from that of the longitudinal coefficient 

Agam it is a pleasure to acknowledge the assistance received from 
Mr Walter Koenig 

The Jefferson Physical Laboratory, 

Harvard University, Cambridge, Mass 
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The association of coelenterates with unicellular algae (zooxan¬ 
thellae or zoochlorclloe) is usually defined as a kind of symbiosis 
There are, however, only very few data on the advantages which each 
of the two organisms obtains from this association In a previous 
paper (Boschma, 1924) I have published the results of a study of the 
contents of the gastric cavity in a large number of East Indian coral- 
polyps, In these contents I often found partly digested foreign or¬ 
ganisms, or parts of them, and besides these invariably zooxanthellae 
in different stages of disintegration Thus I have confirmed the 
results of Gardiner (1903), who found that most of the reef-corals 
derive a considerable part of their food from their symbiotic algae, 
and even that the polyps of many species feed exclusively on their 
zooxanthellae 1 

To give definite proof that the zooxanthellae are digested by the 
polyps of reef-corals and by other coelenterates it was important that 
the process of digestion should be studied in living polypB more ac¬ 
curately than has been done hitherto I was therefore glad of the 
opportunity to work for some time at the Bermuda Biological Station 
for Research during the latter half of September, 1924 I am greatly 
indebted to the Director of this Station, Dr E L Mark, who allowed 
me to use the laboratory after it was already closed, and who kindly 
revised the manuscript of this paper I also wish to thank Dr Roy 
W Miner, who loaned me a microscope of American manufacture, 
which could be brought back to the United States without paying 
importation duties 

As I could spend only a short time (ten days) in the Bermudas, and 
os the weather during this period was too rough to permit the col¬ 
lecting of corals at the outer reefs, I confined my experiments to co¬ 
elenterates which were easily to be collected in the neighborhood of 
Agar’s Island The four which I studied were Isopkyllta dtpeacea 
(Dana), Siderwrtraea radian* (Fallas), Zoantku* goaatvs (Ellis), and 
Condylaeti* pamfiora Duch. et Mich. 
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The polyps were kept alive m large glass jars containing sea-water 
that was renewed every day. This, however, did not seem to be 
quite sufficient to keep the animals m a perfectly normal state After 
some days they were less sensitive to mechanical and chemical stimuli 
than during the first day of captivity 

The greater part of the experiments was earned out with Isophyllia, 1 
which proved to be a very useful object because its polyps arc large 
In the literature the statement is often found that remnants of food 
are hardly ever to be detected m the gastric cavity of coral-polyps 
(cf Duerden, 1902, Pratt, 1906; Carpenter, 1910) These statements, 
however, in most cases are based upon the study of preserved material 
Owing to the strong contraction produced by the preserving fluids, 
such polyps have discharged the contents of the gastnc cavity. 

In the polyps of freshly collected colonics one may often find a 
small amount of mucous matter protruding from the stomodaeum 
In Isophyllia I found that these small masses of protruding material 
consisted for the greater part of matter of indeterminable nature 
(detritus), but also contained diatoms (both living and dead) and 
remnants of appendages of small crustaceans Usually nematocysts 
also are to be found in this extruded matter. Besides other material, 
zooxanthellae were invariably found in these mucous masses. Some 
of these yellow cells were in various stages of disintegration, but others 
were quite normal 

The entoderm of the oral disk, of the tentacles, and of the edge- 
sone of Isophyllia is crowded with zooxanthellae, as already stated by 
Duerden (1902)' These zooxanthellae are spheroidal yellow algae 
with a diameter of 8% to llj^ pi They have a light yellow color, 
which seems to be distributed uniformly through the contents of the 
cell, but probably is located only in the small chromatophores which 
are found in great numbers in contact with the cell wall of the alga 
In the central part of the alga one or two—sometimes more—small, 
strongly refringent bodies are to be found, which consist of an amyloid 
substance (as shown by the iodine reaction). In the living state the 
nucleus is not to be seen. 

These aooxanthellae are always found in the digestive organs of the 
polyps of Isophyllia which have been freshly collected It is well 
known that in actinians digestion takes place only in the mesenterial 
filaments (Metschmkoff, 1880, Mesml, 1901; Jordan, 1907, to quote 
only a few authors), and it is also here that we have to trace the diges¬ 
tion of the food in the Madreporaria The mesenterial filaments in 
Isophyllia consist of the somewhat thickened free edges of the septa, 
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which ore bordered by a thick margin. The latter part is almost 
circular in cross-section and consists chiefly of nematocysts (cf. also 
Duerden, 1002). We find that the food is taken up and digested in 
the region next to that of the nematocysts. In mesenterial filaments 
from freshly collected polyps this region is crowded with zooxanthellae 
When examined under a low magnification, therefore, a dark band is 
found adjacent to the marginal port containing the nematocysts In 
the remaining part of the septum only sparsely distributed zooxan¬ 
thellae are present in the entoderm cells Some of the yellow cells 
in the mesenterial filaments still have the same form and contents as 
those found in the tissues of the oral part of the polyp The condition 
of the contents of the greater number of the algae, however, differs 
from that of normal ones A large proportion of them are irregularly 
discolored, and the most of these also show small corpuscles of dork 
brown color in contact with the wall of the cell In some cases the 
zooxanthellae have lost the spheroidal form, being more or less ir¬ 
regularly distorted. There is very little doubt that these abnormal 
algae present different stages in the process of disintegration caused 
by the digestive action of the coral-polyps This view is also sup¬ 
ported by the fact that such zooxanthellae are always present in the 
remnants of food which are found protruding from the stomodaeum 
of freshly collected specimens 

Feeding experiments were earned out with a large number of 
polyps belonging to different colonies of Isophyllta dtpsacea The 
food, consisting of the meat of mussels, was readily taken, especially 
by specimens which had not yet been many days in the laboratory. 
Usually I mixed litmus with the food, so as to be able to trace the 
food in the internal organs after it had been swallowed This mixture 
of mussel-meat and litmus was sb readily ingested as pure mussel- 
meat 

The experiments were made in diffuse daylight in the laboratory. 
I found that Isophylha could ingest food in three different ways. 
(1) Often, especially in fresh specimens, the food produced a sinking 
of the oral disk and a contraction of the sphincter muscle, causing the 
edge-cone to form a kind of roof over the oral disk and the tentacles 
in the manner described by Carpenter (1910) (2) In other speci¬ 

mens, also in colonies which had been recently collected, another 
method was seen* the food caused the mouths of the polyps to open, 
and then by ciliary action the food was slowly passed down through 
the stpmodaeum into the gastric cavity, whereupon the mouth was 
again dosed. In this case the oral disk and the edge-cone underwent 
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almost no change, although the tentacles increased slightly in size. 
In general the colonies, the polyps of which had fed in this way, 
filled their gastric cavity with more water, the tissues thereby pro¬ 
jecting a little more above the skeleton (3) The third manner 
of feeding observed in Isophylha was the one which was usual 
for polyps of colonies which had been four or more days in the 
laboratory, though it also occurred sometimes in freshly collected 
specimens When mussel-meat was placed on the oral disk of the 
polyps, mesenterial filaments protruded through the mouth and 
through different parts of the oral disk, and especially through the 
tissues of the edge-zone When the mesenterial filaments came into 
contact with a piece of meat, the meat became more or less enveloped 
by these organs and partly ingested. This variability in the method 
of feeding observed in different polyps of Isophylha was, perhaps, 
partly caused by the unnatural state of the animals due to the infre¬ 
quency with which the sea-water was changed 

In a great many of the mesenterial filaments of polyps which had 
been fed with the mixture of mussel-meat and litmus red spots were 
found after some hours in the part next to the marginal zone of 
nematocysts, which proved that it was at this point that the meat 
had been ingested (the litmus accompanied the meat only as an in¬ 
dicator), and, furthermore, that the reaction in the food-vacuoles was 
acid The same phenomenon has been found m ac^mans (Mesml, 
1901) In some of the mesenterial filaments no red vacuoles were 
present In these large polyps of Isophylha, therefore, only a part 
of the mesenterial filaments had ingested the food 

During several days the litmus remained m the zone of ingestion 
of tiie mesenterial filaments After about three days the greater 
part of the litmus-colored vacuoles had assumed a blue color, showing 
that the reaction had changed from acid to alkaline The final 
digestion and resorption of the food probably took place at this 
stage 

As I already have pointed out, in freshly collected, not artificially 
fed, polyps the mesenterial filaments are crowded, in the part next 
to the free margin, with zooxanthellae m various stages of disinte¬ 
gration In the mesenterial filaments that had ingested a fairly 
large quantity of mussel-meat (as shown by the huge number of 
litmus-colored vacuoles) only a very small number of zooxanthellae 
were to be seen a few days after the feeding. The few zooxanthellae 
still found in these organs never looked like those in the entoderm 
of die oral parts of the polyp, they were always in an advanced stage 
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of disintegration showing brown corpuscles and white spots. From 
these facts we may conclude that after abundant feeding on mussel* 
meat no more zooxanthellae had been ingested by these mesenterial 
filaments, and that the algae present in them before the feeding of 
the meat were, with a few exceptions, completely digested This 
conclusion is further supported by the fact that in artificially fed 
polyps some of the mesenterial filaments do not ingest the colored 
mussel-meat Ih these filaments, however, there is a zone full of 
zooxanthellae next to the marginal part 

Summarizing the above facts, we may describe the feeding of 
Isophylha m the following way Under normal circumstances the 
food of the polyp consists chiefly of the algae which are living in its 
entoderm cells. Besides yellow cells, small planktonic organisms 
are captured and digested, but food from this source seems under 
normal conditions to tie too scanty to serve as exclusive nutriment for 
the polyps When, however, the digestive organs (the mesenterial 
filaments) can obtain a sufficient quantity of food from other sources, 
they do not ingest any more zooxanthellae The algae which were 
already present m the mesenterial filaments are gradually and com¬ 
pletely digested, so that after abundant feeding on meat the digestive 
organs may become wholly devoid of zooxanthellae Consequently 
the feeding of the polyps on zooxanthellae appears to be a condition 
due to the scarcity of food of extraneous origin* The symbiosis of 
coral-polyps and yellow cells represents, therefore, at least partly, a 
parasitic relationship between the two organisms, the polyps para¬ 
sitizing on the zooxanthellae Probably, on the other hand, the algae 
derive some profit from living m the entoderm, especially in that of 
the oral part of the polyps, the advantage consisting in their being 
exposed to the light and, perhaps, in their obtaining waste nitrogenous 
products from the polyp At least, they thrive here quite well and 
increase rapidly in number by fission The final result of this sym¬ 
biosis is that the surplus of yellow cells is constantly eaten by the 
polyp. 

These experiments have led to a result quite similar to that ob¬ 
tained by Van Trigt (1919) in fresh-water sponges In the amoebo- 
cytes of these sponges Van Trigt found symbiotic algae (zoochlorellae) 
in various stages of being digested In nature, however, the sponges 
digest only few symbiotic algae, their food supply of other origin 
being quite sufficient. When they were kept in aquaria the number 
of zoochlorellae which were digested by the amoebocytes consider¬ 
ably increased, owing to tjie lack of food from other sources. In 
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Isophyllia, on the contrary! under normal circumstances the extra* 
neous food supply usually seems to be not very abundant, and there¬ 
fore the zooxanthellae are largely eaten by the polyps The algae 
are left unmolested only when enough food of other kinds is available 
I also made some feeding experiments on Siderastraea radian* A 
thick juice was obtained by pounding up the internal organs of 
mussels This juice after being thoroughly mixed with litmus was 
poured over the surface of the colonies with a pipette. This colored 
food substance was readily ingested by the polyps. After a few 
hours a marked contrast between the artificially fed colonies and 
those which had not obtained mussel-juice was to be seen In the 
former the polyps expanded so as to rise a little above the skeleton, 
with slightly extended tentacles, whereas in the unfed colonies the 
polyps remained in a contracted state 
It was more difficult to experiment with this animal than with 
Isophyllia Owing to the smallness of the polyps, the mesenterial 
filaments were far less easily obtained. Therefore the experiments 
on Siderastraea were much leas complete than those on Isophyllia 
On the whole, however, the results were quite the same. In freshly 
collected polyps of Siderastraea the mesenterial filaments showed a 
zone next to the marginal part crowded with partly digested zooxan¬ 
thellae After feeding mussel-juice and litmus abundantly, the 
litmus became visible as red spots in this zone, while the zooxanthellae 
gradually disappeared in the course of a few days. The symbiotic 
algae in the entoderm cells of the oral part of the polyps of Sidera¬ 
straea have the same structure as those of Isophyllia 
Numerous zooxanthellae are also found in Zoanthu* soeuxtu *. 4 They 
occur in the entoderm of the oral zone, of the tentacles, and of the 
column In size, color, and structure these algae agree completely 
with those of the two species of Bermudian Madreporana in which 
I have studied the yellow cells, as recorded above They contain 
usually one, often two, and only rarely more corpuscles consisting of 
amyloid substances The mesenterial filaments of Zoanthus have a 
dark brown color, for they are completely filled with zooxanthellae 
Many of these still have the same form and contents as those in the 
tissues of the oral part of the polyp The yellow cells in the mesen¬ 
terial filaments, however, are for the greater part more or less di¬ 
gested, their contents having assumed a different shape In the 
interior of these zooxanthellae are found dark brown corpuscles and 
discolored spots, just as in the yellow cells in the mesenterial filaments 
of Isophyllia The zone of the mesenterial filaments of Zoanthus in 
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which the digestion takes place is very broad; it lies next to the 
uncolored marginal part, which contains a large quantity of nemato- 
cysts 1 

The feeding experiments on this species gave entirely negative 
results The polyps refused to ingest mussel-meat or mussel-juice, 
and reacted only with strong contraction when these substances came 
in contact with either oral disk or tentacles Meat of Chiton and of 
Fissurella was also invariably refused 
In the large sea-anemone Condylactis passifiora the entoderm of the 
oral disk and the tentacles is richly supplied with zooxanthellae 
The brown color of the tentacles is entirely due to the presence of 
these algae The yellow cells are quite similar to those of the other 
species dealt with in this paper Usually they have the same size 
(average diameter 10 (i), though some smaller ones also occur among 
the others The cells contain, one, two, or more amyloid cor¬ 
puscles. 9 

(Mfe - 



Parts of mesenterial filament* of Candylactt# pa vnfiora, showing the dis¬ 
tribution of the aooxanthellae m these organs a, transverse section of a 
preserved, strongly contracted filament, b, part of a living mesenterial fila¬ 
ment, in side view, 

m, meeogloea, n, free edge with nematocysts, s, digestive part with sooxan- 
theUae (indicated as blaok dots) X ca, 60. 
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The mesenterial filaments of Condylactis contain a large number of 
zooxanthellae in the region next to the colorless marginal part where 
nematocysts are found in great numbers (cf the accompanying figure) 
In the remaining part of the mesentery only sparsely distributed zo- 
oxanthellae are present The zone where great numbers of zooxan- 
thellae are found is doubtless the region where digestion chiefly 
takes place Some of the yellow cells of this region, as well as those 
of the tentacles, are quite normal in appearance, but the larger part 
of them show various stages of disintegration, so that there results a 
discoloration of a portion of the cells and the formation in them of dark 
brown corpuscles Consequently m Condylactis also the zooxan¬ 
thellae seem to constitute an important part of the normal diet of the 
polyps 

As I collected these actinians on one of the last days of my stay in 
the Bermudas, I hod no time to undertake feeding experiments with 
colored food Had I been able to remain longer, the experiments 
with the large polyps of this species would doubtless have yielded 
good results, for the animals readily eat mussel-meat. 

Summary 

The zooxanthellae of Isophylha dipsacea, Stderastraea radians, 
Zoanthus sociatus, and Condylactis passifiora have approximately the 
same size and structure, and probably belong to one species of algae 
In the digestive organs (the mesenterial filaments) of freshly col¬ 
lected polyps of the four species mentioned large numbers of zooxan¬ 
thellae are always found They are in different stages of disin¬ 
tegration owing to their being in process of digestion by the polyps 
When the polyps of Isophylha and Siderastraea are abundantly 
fed with mussel-meat, this is ingested by the mesenterial filaments 
Under this condition the mesenterial filaments no longer ingest 
zooxanthellae. As a result the algae gradually disappear from the 
mesenterial filaments after the polyps are fed with meat This 
suggests that the symbiotic algae are ingested by the polyps only 
when other food is scarce. In other Bermudian Anthozoa which 
live in symbiosis with zooxanthellae these algae also form a large 
part of the food supply of the polyps 
Consequently we may safely conclude that in general the symbiosis 
of Anthozoa with the algae known as “yellow cells’ 1 consists, in large 
part at least, of a parasitism of the polyps on the zooxanthellae. 
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1 Also Hickson (1900) states that reef-corals perhaps derive m some cases 
a considerable part of their food from their symbiotic algae In my former 
paper (Boschma, 1924) I have wrongly interpreted Hickson’s views, inasmuch 
as I stated that this author denies the possibility that reef-corals feed exclu¬ 
sively on zooxanthellae Hickson has only stated that he thinks it tmprdtabie 
that polyps with a complete set of organs for catching, swallowing, and di¬ 
gesting animal food never use them 

* Throughout this paper I have used the generic name Isophyllia for this 
coral, since it is by this name that it is generally known Now, however, 
this genus is incorporated in the larger genus Mussa (cf Vemll, 1901 h ) 
The specimens used in my experiments all belonged to the species I dipsacea , 
which is to be distinguished from 1 fragil w by its thicker septa and shallower 
cahcles (Vemll, 1901*) 

* The occurrence of a holophytic organism m certain species of Isophyllia 
is also recorded by Fulton (1921) According to this author the holophy te is 
probably allied to zooxanthella A comparison of the symbiotic algae of 
Isophyllia with those of Zoantbus and Oondylactis showed, however, that 
m all throe genera these organisms are fairly alike m form, size, and structure 

4 The form, color, and structure of my specimens agree completely with the 
description of Zoanthus socudus by McMumch (1889*) This species, how¬ 
ever, is not mentioned by the same author (McMumch, 1889 b ) m his report 
on the Bermudian actimans Vemll (1900) records Zoanthus socudus from 
the Bermudas The number of tentacles m my specimens was 55-00, which 
is one of the specific features of Z socuUus (cf Vemll, 1900) 

# Already in 1889 McMumch (1880*) ascribed to this part of the mesenterial 
filaments a digestive function The green corpuscles which he found in the 
mesenterial filaments were in all probability partly digested zooxanthellae 
His studies were made on material preserved in alcohol The yellow color 
of the zooxanthellae had been readily extracted by the alcohol, but the green 
color, which is less easily soluble therein, bad remained 

• The zooxanthellae found in the species dealt with in this paper have the 
same size and color as those of the Madreporanan polyps of the East Indian 
region (cf Boschma, 1924) The latter, however, generally contain one 
corpuscle of amyloid substance, and only very rarely two In the Bermudian 
zooxanthellae often two or more of these corpuscles are present 
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Object of the Paper 

In the quantitative discussion of the behavior of an alternating- 
current electric filter under variable impressed frequency, it has 
commonly been assumed 1 that the load at the receiving end has an 
impedance equal to the characteristic or surge impedance of the 
filter, in other words that it behaves as though the load at the re¬ 
ceiving end was an indefinite prolongation of the same filter It is 
proposed to consider a case of a simple uniform, low-pass, five- 
section filter, with a constant load at the receiving end, and to indicate 
that in the case of such a relatively high degree of complexity, the 
behavior of the filter can be readily computed on the principle of 
simple alternating-current artificial lines. 

The results have been obtained by calculation only, as the assumed 
filter was not actually tested or constructed A sufficient number of 
observations have, however, been collected upon actual filters of the 
same type, to justify reporting the computations As is customary m 
such calculations, the filter has lieen assumed as operating without 
internal losses or dissipation of power If, however, definite small 
uniform resistance and dielectric losses had been assumed, corre¬ 
sponding to those which occur in filters actually employed, the com¬ 
putations would not thereby have been made much more difficult 
While they would have taken a little more time to work out, the dif¬ 
ference in such a case as this would not be great The method here 
indicated is recommended as of general and convenient application 

Particulars Concerning the Filter Selected for Computation 

Fig 1 represents the T section selected It has an inductance of 
£ * 0040 henry m the series element AOB, and a capacitance of 
C » 10“® farad, or 1 microfarad, m shunt Die resistance of the 
inductor is taken as negligible, and likewise the leakance of the con¬ 
denser 

Fig 2 represents tjbe senes connection of 5 such identical T filter 
sections The filter is thus assumed to contain a total series mduct- 

1 One ease has however alrtady been briefly reported by F. 6. Detlenbaugh, 
using the method described in this paper See Bibliography 10, p. 21, Fig 11 
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ance of 0 2 henry, and a total shunt capacitance of 6 microfarads. 
The load a between the receiving-end terminal B and the ground is a 
constant resistance of 183.3 ohms, either alone, or in senes with a 
constant inductance of 0 0265 henry, according to the position of the 
switch S 
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Fio 1 Section of the Low-Pass Filter Selected 



Pro, 2 Five-Section Low-Paw Filter corresponding to the Constants of 
Fig 1 with a Load » at the Receiving end B 


It is well known that, at a given impressed frequency, the behavior 
of any symmetrical filter depends on two and only two quantities 
connected therewith, namely, (1) the hyperbolic angle 6 of the filter 
and (2) its surge impedance s« ohms Z . Both 6 and z, vary with the 
frequency Moreover, in the case of a filter like that of Fig. 2, eon* 
taining n identical symmetrical sections, each section will have the 
same angle 6, and surge impedance s« so that 




hyperbolic ... 
radians or hyps Z ' ' 


According to the rule* for determining the angular velocity of cut 
off in a filter like that of Figs. 1 and 2, if £ is the series inductance 


1 Bibhogrsphy. 2,6 
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in hemys per section, and C is the shunt capacitance in farads per 
section, 


«* 



2 


radians 

sec 


( 2 ) 


ft being the cut-off frequency 

If the angular velocity impressed on the filter ib «, we may call 
the ratio of this to the cut-off angular velocity, the frequency ratio 
u, or 


« <i> v'Xc 

ut 2 



numeric (3) 


This type of filter allows alternating currents to pass for values of 
the frequency ratio is less than unity, and arrests them more or less 
completely when this ratio exceeds unity 
At any impressed frequency ratio u, the section angle of this type 
of filter is defined by the relation 

0 

amh g = pt numeric Z (4) 

or 

0 = 2 sinh -i (/“) hyps Z (5) 

Fig 3 shows a portion of a chart* for obtaining antihyperbolie 
sines, or sinh~ 1 x At A is the origin of coordinates Entering the 
chart on the rectangular coordinate network, we start from A and 
move up along the j line ABC, until sire reach the value chosen for w 
Holding thiB point with a blunt needle, we read off its corresponding 
value on the curvilinear coordinates, which are of the type x + jq. 
The real component x is in hyperbolic radians The j component 
q is in circular quadrants of arc, each quadrant bang 90°. 

On page 405 is a brief Table of amh -1 (ju), as obtainable from the 
chart Fig 8, but to a lower degree of precision 
It will be seen that as « increases from 0 to 10, 0 increases from 
O + jO to 0 + j2 in quadrant measure, or to 0 + y* in circular 
measure This means that 0 is entirely imaginary, or has no real 
component, as far as u «■ 10. Immediately on passing *«1, 
however, the value of 0 undergoes no further change in the imaginary 
part J0,; but rapidly develops a real part 8,. An artifitial line section 
of angle 0, forming part of an indefinitely long fine, subjects any 
voltage or current which traverses it to an attenuation t~* «■ 
»-<8i -f-ysd m t“*i ^ 0,, where s « 2.718 ... the Napierian base 


1 Bibbography 4. 









































TABLE I 

Sbcbon Angle 8 fob a T«ub or the Type shown in Fig i as a function or the Fbequenct iuno a 
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Consequently if 0i vanishes, f* *= i" 1 *' * 1 X 0» a mere versar, or 
phase-shifting operator, causing the voltage or current at its receiving- 
end terminals to lag in phase 61 circular radians with respect to the 
corresponding quantity at sending-end terminals, without altering 
the magnitude or size of the traversing quantity. When, however, 
there is a real component 61 , not only is there slope attenuation (in 
phase) but there is also size attenuation (in magnitude). At« ■» 16, 
for example, 6 - 1 9248 + j2 and trf - r* - 0146 ^ 180°. 
The voltage or the current will fall in this case to 14 6 per cent m 
size, and by 180° in slope, when passing through the filter section, 
provided that there are a large number of similar sections beyond 
In the case of the particular values of £ and C shown in the T 
section of Fig. 1 , the cut-off frequency *» 10,000 radians per 
second, (f, ” 1591 co) by (2) The values of impressed angular 
velocity are then given in the last column of Table L 


© 


<> i % 

no 4. Vector Lows of Section Angle t as the im pre ssed frequency ratio 
«Is varied from 0 to 15. 

Fig. 4 is a vector diagram of the section angle 6 for the filter Pig. 1, 
as a function of impressed frequency ratio u. The vector locos is a 
pair of perpendicular straight lines, AB and BC. The turning point 
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At u ■* 1 corresponds to the cut off angular velocity a>% As u is 
increased from 1 5 to infinity! the honsontal locus BC advances con¬ 
tinuously toward the right hand 

The rate of increase of section angle 6 with respect to a change in u, 
is expressed by 



hyps Z (6) 


below the cut-off value u » 1 and 


2 du 2 du 2 du 

v “ ,_1 00811 (|) smh (j) 


hyps (7) 


beyond the cut-off Thus, at « = 08, or w ■* 8000 in the case 
considered, di => j2 (du/0 6) = j(du/0 3) That is for a small 
change m du amounting say to 0 01, or 100 in u, dQ =» j 0 033 hyps, 
i e 0 033 circular radians or 0 0212 quadrant This is in substantial 
agreement with the entry in Table I for « ■* 0 81 
At m, ■» 1 , or the cut-off frequency, di/du becomes infinite, which 
would mean that an indefinitely small change in u would produce an 
indefinitely large change in 6 at this point, but this refers only to a 
perfect filter devoid of all losses. In the presence of any appreciable 
loss, the rate of change dQ/du becomes finite, but may be large The 
larger it is, the better the cut-off behavior of the filter 


Angle op Multiple-Section Filter. 

Fig 5 gives the vector locus diagram ABC of the angle 0 subtended 
by the entire filter of Fig 2 By comparison with Fig 4, it will be 
observed that the effect of the five sections is to make the rate iff cut¬ 
off five times as great as with a single section. This is known to be 
a characteristic property of multiple-section filters That is in 
(hanging u from 1 0 to 11, the increase in 0 is 0 89 hyp in Fig 4, 
and 4.45 in Fig 5. 

Surge Impedance op One Section or or the Five-Section 

Filter. 

By the regular rub for determining the surge impedance of a T 
section as in Fig. 1, 

[£ 6 ft 

\ g ® 08 * 1 2 “ “** cos *‘ 2 0111118 ^ (8) 
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or in the case considered! 200 cosh 6/2, where 6 is the section angle 
The surge impedance thus varies with the impressed frequency 



Fiq 6 Vector Locus ABC of the total filter angle 0 as u vanes from 0 
to 16. also the vector locus abc of the position angle 6a when the load 
0 -183 8 ohms + 00266 h 


Fig 6 shows the vector locus As w increases from 0 to — 10,000, 
(u =* 1), so moves along the graph AB following the resistance axis 
from 200 ohms to 0 At the cut-off point, z 0 vanishes, for the case 
assumed of a lossless filter From and beyond <»•, z» becomes a pure 
inductive reactance or + S quantity, along the branch BC, increasing 
rapidly at first, and afterwards more slowly 
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Position Angle 8a at the Receiving end of the 
Filter under Load 

The position angle 8a (Fig 2) of the receiving end B of the filter 
line Fig 2, under a given load a ohms Z and under an impressed 
angular velocity w, is equal to the angle 6' of that load, and is found 
from the well known relation 


8* = 0' *= 0/ + ^0,' * tanh~ l — hyps Z (9) 

Z o 



But the impedances c and z 0 will, in general, vary with the angular 
velocity w, so that the angle 0' also varies with u The antitangent 
of the complex ratio a/n is found from a chart of tanh and tanh** 1 
Fig 7 shows four vector loci of S* at varying angular velocities, for 
different loads c connected to the receiving-end JJ of the filter in 
Kg 2 The absscisas of Fig 7 are in real hyperbolic radians 0/. 
The ordinates are in circular quadrants of arc (J9,') Thus j UJ 
represents one quadrant, ninety degrees, or t/2 radians The four 
loads i whose angles 6' are plotted m Fig 7 as a function of ti are 
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(1) A pure resistance load a ■» 183 ohms, graph A b’ i' s' Df. 

(2) A resistance of 183.3 ohms in senes with a condenser of 2 65 

microfarads, graph D F 0 H D J K. 

(3) A resistance of 183 3 ohms in series with an inductance of 26.5 

millihenries, graph ABODE. 

(4) A resistance of 156 ohms in series with an inductance of 22.5 

millihenries, graph abc D e 



Different values of u are marked along each graph Thus u m 0 7, 
corresponding to w — 7000 for the filter here discussed, is found near 
the point s' on graph 1, near 0 on graph 2, and near C on graphs 3 
and 4. Graph 1 for the pure resistance goes off to infinity along the 
base line as u approaches 4000, or as u approaches 04 It then 
returns along the parallel lute d' s' D as u approaches 10, then turns 
sharply through a positive quadrant and follows the straight line Df. 

The load (2) containing the series condenser executes the dosed 
oop D FOBD and then pursues die curve DJK 
Loads (3) and (4) pursue somewhat similar curves which change 
suddenly at D. This point D at 0+/1 is common to all four 
graphs at u ■ 1, or 10,000 At the cutoff frequency, 
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therefore, all four loads subtend one circular quadrant when con¬ 
nected to this particular filter in one or more T sections 

Position Angle 84 at the Sending End or the Filter 

Line. 

In conformity with the regular rule affecting uniform artificial or 
real lines, operating at a single impressed frequency m the steady 
state, the position angle at the sending end A, as shown in Fig 2, is 

8a ■* © + 8s ■* w8 •+• 0' hyps Z (10) 

8a clearly varies with the frequency w, as do both the section angle 0 
and the load angle 8', according to (5) and (0) In Fig 5, the broken 
line graph abc traces the vector position angle at A as u increases 
from 0 to 15 


Input and Output Currents. 


If Ja is the input current at A (Fig 2) m rras amperes, and In 
the output current given to the load a at B, m rms amperes, we have* 
the well known relation 


Ib cosh 8s 
I a cosh 8 a 


numeric Z (11) 


So that if the input current I a is given, the output current I B is ob¬ 
tained directly therefrom, with the cosine ratio of the two position 
angles 8s and 8a The current strength at any section junction is 
likewise obtainable from the same rule. 


Input and Output Impedances 

The impedance at and beyond the receiving end B in Fig 2, or the 
output impedance is e ohms Z, a function of the frequency, unless 
the load e is a pure resistance Hie impedance at the input terminal 
A, or the input impedance it well known to be 

Za *■ ii tanh 8a ohms Z (12) 

Both >t and 8a vary with die impressed frequency/. If either the 
current I a, or the emf Ea is known at A, the other can be immediately 
found from Za 


« BibHofraphy, 1.3, 6. 
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Input and Output Voltages 


The voltages at A and B being defined as Ea and Eg nns volts A , 
the input and output voltages respectively, we have the well known 
relation 


Eg sinh 8* 
Ea sinh Si 


numeric Z (13) 


or the output voltage at B is the input voltage Ea times the sine ratio 
of corresponding position angles The voltage at any intermediate 
junction can likewise be derived, for any given frequency, by the 
same rule 

Input and Output Power 


The vector output power Pb watts A is obtainable directly from 
the vector output voltage Eg volts Z, and the vector output current 
Ig amperes Z This vector power will be expressed either to voltage 
standard phase, or to current standard phase In the former case, 
the voltage Eg is taken as of aero slope, and the current Ig is then 
taken with its slope in local reference thereto Thus, taking the 
impressed input voltage Ea as of initial standard phase say 10 Z 0° 
volts, the output voltage Eg might be say 8 \ 600° volts, or 8 volts 
600° m phase behind E A ; while the output current Ig might be say 
0A X 540° amperes, or one-tenth ampere lagging 540° behind Ea 
To find the output power at B t taking Eg as of local standard phase, 
we write 

Eg m 8 Z 0° volts Z 

and 

Ig * 0 1 Z 60° amperes Z 

because Ig leads Eg in phase by 600 — 540 * 60 degrees. We then 
have 

Pg ® Eg X Ib watts Z (14) 

or in this case 0.8 Z 60 watts - 0 4 + j 0 693 watts, i e. 0 4 watt 
active, or delivered power, and 0 693 watt reactive, or circulating 
power, of the type, which will represent condensive activity. 
If, on the other hand, we take the local current at B as the standard 
of phase, Eg ** 8 ^ 60° volts, and Ig » 01 Z 0° ampere, whence by 
(14), Pg * 08 \ 60° watt - 0 4—;0693. The active power is 
the same as before, but the reactive power is — j, or condensive. 

At the sending-end, with Ea as phase standard. 

Pa m EaX I a 


.watts Z (15) 
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Behavior of Filter under Surge-Impedance Load 

If in Fig 2, the load a be kept equal to z 9 as the frequency is 
changed, the load will behave like an indefinite prolongation of the 
same filter, or the line becomes infinitely long The entering current 
at A, is then 

E a 

/it® — =° Ea y* amperes Z (16) 

Zq 

or if the impressed voltage is kept at 1 volt, at standard phase, over 
the entire range of frequency, the entering current will be vectonally 
equal to the surge admittance y 9 The voltage and current at B 
will then be 

Eb =* E a volts Z (17) 

and 

Ib ** amperes Z (18) 

From an inspection of Figs (5) and (6), it will be seen that the 
entering current Ia will continuously increase as <*> is varied from 0 
to m* At the critical frequency f Q = w 0 /2tc, the entering current 
will be indefinitely great, or the filter acts like a short circuit, (assum¬ 
ing no internal losses in the filter), while above / 0 , the current falls 



off rapidly This is shown in Fig 8 by the curve Ia, commencing 
at 0 005 ampere with w « 0, and running off the sheet near a — 9900 
At« « 12000, 1a has returned to 0.075 and is falling The received 
current I» is numerically equal to Ia up to the critical frequency. 
It then falls much faster than Ia and is very nearly 0 at« ** 11000 
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Fig 9 shows the corresponding vector diagram of Ib under vaiyiag 
impressed frequency ratio At aero frequency# Ib m PA ■■ ft A (f 



Fio, 9. Vector graph of oumnt la under condition of Surgo-Impedoneo 
Tjftadt 


milliunperes. At i* *■ 0.6 or « 6000, J» « 00 or 6.25 \ 868° 

milliunperes The received current /» is then more than eoe 
complete cycle behfad the impressed emf. E*. At * — 04611, 
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or w® 9511, la ** OE « 16 ^ 720° milhamperes At OF, near 
u » 0 984, the received current is 32 \ 810°, and rapidly increasing 
Ats * 1 0 it becomes infinite, and above this critical value it returns 
rapidly along the line G P At u m 1 02, it is 3 375 \ 990° or 11 
quadrants behind Ex in phase The entering current lx does not 
pursue this spiral path As far as u « 1, it is numerically equal to 
I», but is in phase with Ex, or extends along the initial line P AE 
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Fio 10 Current strengths at terminals A and B of Five-Section Filter 
Fig 2, under Constant-Eeeistanoe Load o ** 183 3 ohms, as the impressed 
angular velocity is varied from w *0tow * 12000 


Above u » 1 , lx returns from infinity along the line F P, opposite 
to OP Before reaching the critical frequency, therefore, the 
phase difference between lx and Is increases from 0 to 10 quadrants 
or 900°. Beyond u * 1, it remains constant at 10 quadrants la 
falls much more rapidly 

The expanding spiral executed by Ib in Fig 9 is, up to u « 1, 

(2w8urh ° " yMsec (£) ^ fi 

— j/to sec 0' \ 2n0' amperes Z (19) 

where jf»» ” ‘s/C]Z, the value of the surge admittance at sero fre¬ 
quency, m tills case 0 006, n is the number of sections m the filter be¬ 
tween A and B, in this case 5, and u * sin 0 and P-nfi This type 
of expanding spiral may be called the secant of the gnth are spiral If we 
consider a filter mode up of a very large number of sections like Fig. 
1, the vector current at the junctions 1, 2, 3, in Fig. 2, will be 
2nth secant spirals, where n » 1, 2, 3 . successively Such 

secant spirals characterise the vector currents at successive junctions 
along an infinitely long low-pass filter, of the types shown in Figs 
1 and 2. 
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Behavior of the Filter under the Constant Pure Resistance 
Load <j = 183 3 ohms 

Fig 10 shows the corresponding current strengths Ia and Ib when 
the load o at the receiving end is a constant resistance of 183 3 ohms, 
as cd is increased up to 12000 Instead of having one and only one 
resonant frequency as m Fig 8, there are now five resonant frequencies, 
namely one at cd 0) no longer a short-circuit resonance, and lesser re¬ 
sonances at or near cd * 9000, 7000, 5000 and 3000 There is very 
little difference between the magnitudes of I 4 1 and Is until the re¬ 
sonance near cd ** 7000 is reached At this and subsequent reson¬ 
ances, I a exceeds /a After reaching the frequency ratio u = 0 9877, 
when I a goes to 0 191 ampere, and I» to 0032 ampere, both the 
currents dimmish, but Ib falls much more rapidly At the cut-off 
ratio u « 1, Ib has fallen to about 0 006 ampere 



Fici 11 Vector Graph of Current fa under condition of Constant Re¬ 
sistance Load a ** 183*3 ohms, as the frequency ratio is increased from 
u*>0tou«"12 

The corresponding vector graph of the current Ib is given in Fig 11 
At u * 0, this current is 5 4 milliamperes at standard phase, or along 
the initial line oa At u « 0 6, the current has completed a nearly 
circular loop abed, and has reached the value 547 ^ 366°9, or 
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more than 4 quadrants behind the phase of Ea It now executes the 
loop f gkj, and at u » 0 95, it has become 5 46 ^ 720° or 8 quad¬ 
rants m lag It now executes the nearly circular loop klinn, with 
its diametral maximum near u * 0 988 At u » 1 0, it is about 
6 milhamperes, 10 quadrants behind Ea (2 quadrants per section of 
filter)* 

The effect of substituting this constant resistance load for the surge- 
impedance load has been to change the vector graph of 7# from a 
secant (07 2n) spiral, such as that of Fig 9, to a graph of a succession 
of approximately circular arcs, as in Fig 11 The center of the arc 
k l m n is at r, that of h i j at q, and that of / g at p These centers 
he nearly on one straight line, and fall successively on opposite sides 
of the origin 0 


jt L a~~l* 4 T-* r* t 



Behavior or tur Filter under a constant Reactive Load 
a 183 3 + J 0 0265 ohms Z. 

The effect of inserting a pure inductance of 265 mfllihenrys in 
circuit with 183 3 ohms resistance load, is shown in Fig. 12 The 
resonances produce in both I a and la are now much more marked. 






478 


KENNELLY AND BLEPIAN 


owing to the influence of the inductance in the load There are five 
such resonances, one for each section of the filter The principal 
resonance is at u » 9880, when Ia reaches 0.64 ampere, and Ib 
0.059 ampere The other resonances are near u •* 9000, 7350, 5000 
and 2400 At each resonance Ia exceeds Ib, but at intermediate 
frequencies Ia fails below Ib* 



+ 

Pto 13. Vector Graph of Current Ib under condition of a Reactive Load 
• - 183 3 + j 0 0266 u, as the frequency ratio » increased from ti « 0 to 
it - 1.2 


Hie corresponding vector graph of la appears in Fig 13 ia is 
the initial current at u - 0 The first half loop a be, goes as far 
as it ■ 0.4 The next def reaches it ■* 0.6 The third g hi goes 
to it - 08 The fourth jkl reaches it — 095, and the last mno, 
to it ■ 1 02 and beyond These loops are only roughly circular, 
and are not nearly such good approximations to circles as those of 
Fig 11 The centers of the loops in Fig 11 lie nearly on a straight 
line inclined 86° with the reference axis, but in Fig. 13, die approxi¬ 
mate centers lie more nearly on a lme n pit, making an angle of 30 s 
with the reference axis p a. 
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It may be noticed that between u = 0 9S4 and « *> 0 992, the 
received current is very sensitive to change in impressed frequency, 
both in regard to magnitude and to phase, or the filter is a sensitive 
frequency indicator. 

Table II indicates, for a few entries only, the method of com¬ 
putation employed, for the case of ** 183 3 + j 0 ohms, and Table III 
a few similar examples for the case of = 183 3 + j 0 0265w. 


Summary 

(1) Any alternating-current filter, consisting of sections in senes 
having the same surge impedance, forms on artificial electric line, and 
may advantageously be dealt with, in computation, by means of 
hyperhohc functions 

(2) The behavior of any such filter under surge-impedance load 
(virtually infinite line), is apt to be very different from its behavior 
under a constant load at the receiving end 

(3) In the case of a low-pass inductance-capacitance T-section 
filter with negligible losses, having a large number of sections, the 
vector cunent graphs at n successive junction points, as the im¬ 
pressed frequency is increased up to cut-off, are expanding secant 
spirals of the type p ■* p 0 sec (ff/2») 

(4) Under the same conditions last named, but with a constant 
pure resistance load, the vector received current graph is a close ap¬ 
proximation to an aggregation of resonant circles, one for each filter 
section 

(5) When the load m the last named case indudes a constant 
inductance, the received current graph is a succession of resonant 
roughly circular loops, one for each filter section 


Lut of Symbols Employed 


0 , 0 ' 
C 

&A, &e> 8 j> 
Eai Bbi Ee 

f 

f* 

• -«.+A 


Circular angles of radius vector in a spiral (radians, 
quadrants or degrees). 

Capacitance of a condenser in a filter (farads) 
Position angles of terminals A and B, or of a junction 
point P (hyps A). 

Voltages at terminals A and B, or of a junction 
P (volts Z ) 

Impressed frequency at the sending end (cyps) 
Cut-off frequency (cyps). 

Angle subtended by a filter section (hyps Z) 



TABLE II 

HFCTATION OF 5-SBCTION FILTER XS FlG 2, UNDER DIFFERENT SUCCBSOVt FRBQCEKtHS, WITH 1 0Z0° 
Volt Iufrissed at A f and a Load of 183 3 Ohms at 3 
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0' Angle subtended by a load 7 at receiving end 
(hyps Z) 

0 Total angle subtended by a multiple-section filter 
(hyps Z) 

I a, lBy Ip Current strengths at terminals, or at a junction 
(a mpere s Z) 

J m V -l 

X Inductance in the senes branches of a T-filter section 
(henrys) 

ft Number of sections m a multiple-section filter 
ic *3 14159. 

Pa, Pb Power at terminals (watts Z) 

q Imaginary component of a complex angle expressed 
in circular quadrants 
p Radius vector of an expanding spiral 
pa Initial radius vector of an expanding spiral 
a Impedance of a load at receiving end (ohms Z) 
u Frequency ratio /// e (numeric) 
yo * !/«• Surge admittance of a T-filter at a given impressed 
frequency (ohms Z ) 

3/o« = VC/X Surge admittance of T-filter at zero frequency 
(ohms) 

ze Surge impedance of T-filter at a given impressed 
frequency (ohms Z) 

Zoo * V £fd Surge impedance of T-filter at zero frequency (ohms ) 
a* * 2x/ Impressed angular velocity (radians per second) 
wo = 2x/« Cut-off angular velocity of filter (radians per second) 

BIBLIOGRAPHY 

(Without pretensions as to completeness) 

1 “Artificial Lines for Continuous Currents in the Steady State,” A E Ken- 

nelly Proc. Am Ac. Arts A Sc., Nov , 1908, Voi 44, No 4, pp 97- 
130 

2 'The Application of Hyperbolic Functions to Electrical Engineering 

Problems,” A E Kennelly University ef London Press, 1911, 
3d Ed, 1926, App R, p, 307 

2s “Wave-Form Sifters for Alternating Currents,” A Campbell Proc. 
Phys Soc., Vol 24, pp. 107-111, Feb, 1912. 

8 “Tabloe of Complex Hyperbolic and Circular Functions,” A E. Ken- 
nelly Harvard University Press , 1913 2nd Ed 1921 



BEHAVIOR OF ELECTRIC FILTERS UNDER LOAD 


483 


4 4 'Chart Atlas of Complex Hyperbolic and Circular Functions,” A E 

Kennelly Harvard University Press, 1913 3rd Ed., 1924 

5. 11 Note on High-Frequency Wave Filters,” C M B Shepherd The 
Ehctnetan, June 13,1913, Vol 71, pp 399-401 

6 11 Artificial Electric Lines/' A E, Kennelly McGraw-Hill Book Co, 

1917, Chap 18 

6a U. S Patents Nos 1,227, 133 and 1,227, 114 to G A Campbell, May 
22, 1914 

6b "Spulen- und Kondens&torleitungen,” K W Wagner Archw fUr 
Elckt , Vol 8, 1919, pp 61-92 

6c "Reports on Inductive Interference between Electric Power and Com¬ 
munication Circuits” of the Railroad Commission, State of Cali¬ 
fornia, April, 1919, pp 216-217 

7 " Physical Theory of Electric Wave Filter,” G A Campbell The BeU 

System Technical Journal , Nov, 1922 

fid "Electric Oscillations and Electric Waves,” Cl W Pierce Me Craw- 
HiU Book Co , 1920 

8. "Theory and Design of Uniform and Composite Electric Wave Filters,” 
Otto J Zobel The Bell System Technical Journal , Jan , 1923, pp 
l-4fi 

9 "Eleotnc Filter Circuits,” Louis Cohen Journal of the Franklin Insti¬ 
tute, May, 1923, pp 041-654 

10 "Eleotnc Filters/' F S Dellenbaugb, Jr Q S T , July and Aug, 1923 

11 "Theory of Electno Wave Filters Built up of Coupled Circuit Ele¬ 

ments,” L J Peters Trans AJMB , February, 1923 

12 'Transient Oscillations in Electno Wave Filters,” J A Carson and O 

J Zobel The Bell System Technical Journal , July, 1923, pp 1-52 

13, "Electno Filters,” A Slepuin Thesis Harvard University, June, 1923 




Proceedings of the American Academy of Arts and Sciences. 

Voi, ISO No 11 — Novkvukk, 1926 


INDETERMINISM IN THE PHYSICAL WORLD 


By Wm S Franklin 




INDETERMINISM IN THE PHYSICAL WORLD 
By Wm B Frankuk 

Presented > October 10,1923 Received January 16,1924 

(а) Is everything in this world of ours completely determined by 
antecedent conditions, and is there no such thing in nature as an 
essentially unpredictable occurrence? 

(б) Is every choice, every decision, of our lives determined by a 
definitely unbalanced condition among all of the influences which 
weigh for and against the choice or decision, and is there no such thing 
as essential freedom of the will and therefore no such thing as moral 
responsibility among men? 

Of the two questions a and b, it seems that a is the more important 
because it is simpler, and because, as Huxley says “Nobody doubts 
that, at any rate withm certain limits, you can do as you choose/ 1 
and no one but a narrow fatalist or blind dialectician can doubt the 
reality of our moral responsibilities The strongest evidence of the 
essential freedom of the will is our n&ive sense of freedom, and the 
thing which nowadays tends more than anything else to discredit 
this n&ive sense is the almost universal sophistication of latter-day 
civilized men m matters relating to the systematic sciences If we 
except a small amount of traditional fatalism among sectarians m 
religion as of no consequence it would sewn that the only strong pre¬ 
sumption against the essential freedom of the will comes from an 
almost universal bias regarding question a 

This essay is devoted chiefly to question a in its application to 
lifeless nature As the main purpose of the essay is to set forth a 
point of view which will force us to admit that something essentially 
unpredictable may occur tomorrow it is highly important at the start 
to recognise and to some extent to understand the universal philo¬ 
sophical bias which gives to everyone an instant answer to question a; 
"Yes, everything in lifeless nature is completely determined by an- 

1 The title of this paper as read before the Academy was Determinism in 
Biology and Indeterminism in Physics This title was intended to convey 
the idea that the only determinisms m the world of actual happenings are 
tiie determinisms of genetics and physiology The "equilibrium’’ world of 
the classicist in physics is almost as nothing in contrast with the biological 
world, and the perfect determinisms of this “equilibrium” work! are of a 
lower order than the real determinisms in the biological world. 

The paper has been revised since its delivery, and the author is greatly in¬ 
debted to the outgoing chairman of the Publication Committee for the many 
alterations and additions made since January 1024. 
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tecedent conditions, and there is no such thing in lifeless nature as an 
essentially unpredictable occurrence.” I have yet to find a single 
person who has returned other than this answer to question a; even 
those who persistently withhold an affirmative answer to question 6 
have become so completely sophisticated in matters relating to the 
formal aspects of the physical sciences that they instantly accept an 
affirmative answer to question a. 

What is here referred to as a philosophical bias may seem to be 
much more than that, for many scientists have crane to believe in the 
existence of an objective principle or condition of universal validity, 
a principle which Helmholtz called “die Gesetzmfisigkeit der Natur ” 
Of course Gesetzmasigkeit is a fact, otherwise there could be no such 
thing as science, but it may not be of universal validity, a complete 
philosophy of nature may have to contemplate something beyond 
Gesetzmasigkeit, something essentially unpredictable, lawless At 
any rate it is the purpose of this essay to make this general point of 
view thinkable 


A Philosophical Bus 

What then is this philosophical bias and what is its source? To 
frame a tentative answer to this question let us note that the world 
in which we live is extremely complex and let us consider what char¬ 
acteristic of human psychology and what mode of human thinking 
would seem to be demanded for purely practical reasons in an ex¬ 
tremely complex world 

Psychological It is difficult to imagine an effective human psy¬ 
chology other than that with which we are familiar in which every 
sense perception is completed, as it were, by all but overwhelming 
subj‘ective contributions so as to drown out extraneous and conflicting 
material, and lead, even in the face of infinite complexity, to a dearly 
defined behavior reaction. Otherwise there could be no behavior, or 
at best, like Brer Babbit, we could only rush around 1 The subjective 
strengthening of one particular aspect or phase of a sense-complex 
until this aspect or phase stands out alone and becomes completely 
dominant, this seems to be the necessary characteristic of human 
psychology 

This characteristic of human psychology seems to be closely con¬ 
nected with what has been called the "all or none condition” in 
physiological psychology A particular mode or phase of nerve activ¬ 
ity may be likened to the explosion of a complex layout of powder or 
dynamite The layout explodes completely or not at all There is 
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no such a thing as a partial explosion and there seems to be no such 
thing as degree or intensity of nerve action This is the 41 all or none 
condition" expressed in simple concrete terms In a strong vigorous 
man the "complex layout of powder or dynamite” is quickly and 
completely repaired after an " explosion ” and this quick and complete 
repair makes for sustained nerve activity, but gradations of nerve 
activity as respondent to gradations of external stimuli do not exist. 
Sensations which we describe as more or less intensive must be merely 
more or less sustained in time or more or less widespread in our nervous 
system, or, in other words, merely more or less extensive, and the above 
described strengthening and control of a sense-complex by subjective 
contributions must be dependent on inhibitory actum on the one 
hand and on inciting action on the other hand, inhibitory action being 
the avoidance of certain aspects of a nerve discharge by back firing 
as in the control of a prairie or forest fire, and inciting action being 
the mere leaving open of certain bridgeheads or perhaps the laying 
of certain bridgeheads with powder trains Of these two phases of 
control inhibitory action is certainly the more thinkable and perhaps 
real inciting action does not exist 

This mechanistic conception of psychological processes is of course 
very crude and probably all wrong, but it is a conception and therefore 
usable in thinking of this complicated business, and a very old idea 
receives a strong emphasis from this mechanistic conception, namely, 
that however completely the behavior of a human being may be corre¬ 
lated with the world in which he lives, his psychology must consist of 
elements so purely symbolic of world conditions themselves as to be 
hopelessly inadequate as a basis for any really adequate philosophy 
of nature. This old idea gets badly worn by neglect, and it fails to 
limit any man's philosophy; we ourselves possess a mysterious kind 
of curiosity which breeds a philosophic optimism that laughs at limi¬ 
tations I We do, however, wish to use this old limiting idea somewhat 
drastically, but we confess that we do not ourselves really submit to it. 

It would seem that the subconscious contributions to behavioristic 
trains in psychology, however omnipotent, must be extremely rudi¬ 
mentary or animal-like and of little significance in our philosophy. 
Let us therefore, neglect these subconscious contributions, and we 
have left an almost complete rational control of behavior in response 
to sense impressions. This rational control is embodied m ideas, 
and postulates, and proverbs, and articles of belief. Recall if you 
can an idea or postulate or proverb or article of belief which does not 
bring to mind a definite thing or condition as an antecedent and an- 
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other definite thing as a consequence, or which does not tie two or 
more definite things together We think only of things as tied to* 
gether, we think only in terms of one-to-one correspondences. This 
is the philosophic bios to which we have referred, and it is putting 
the case mildly to call it a philosophic bias when it is the essential 
substance of our philosophic method, and indeed it has hitherto been 
nearly the whole of our method m science 

Mode of thinking A good example of human thinking is furnished 
by the gardner who plants in the dark of the moon. There is a vast 
amount of human thinking of this gardener’s kind, and it is essentially 
as reasonable as other modes of thinking for which we have less im¬ 
patient contempt, for the gardener does plant and his success is such 
that he does not need to rectify his formula; therefore, let no one 
begrudge him his planting cue, for cue he must have But a parlor 
discussion of the dark-of-tbe-moon idea is another thingl Once the 
writer was dreadfully oppressed by the apparent lack of qualifying 
humor in a long-drawn out and highly specific discussion of this idea, 
as it were a fact, but where no experimental use of the idea ever had 
or ever would be made, when, bursting out with Faust m the Witches’ 
Kitchen 

" Mich diinkt ich hor ein games Chor 
Von hundert-tausend Narren sprechen” 

the spell was broken because one other of the assembled company 
understood and appreciated Goethe’s German] But the essence of 
human thinking is doubtful or wholly unjustifiable postulate and 
quick conclusion, and to conclude is to come to an end!—unless the 
conclusion is put to the test of experiment Without the test of experi¬ 
ment our modem research institute would be a witches’ kitchen ten 
thousand times confounded. This digression is intended to suggest 
the weakness of human reasoning when not continually rectified by 
critical appeal to experience, a weakness that is by no means so widely 
appreciated as it should be 

Natural Philosophy Only two phases of natural philosophy have 
ordinarily been stressed in recent times, namely, (a) the philosophy 
of contmua as exemplified by nearly the whole of modern mathematics, 
and (i h ) the philosophy of natural law in the mode of Newton and 
Maxwell as exemplified by nearly the whole of modem physics. 
These two aspects of natural philosophy may be called the classical 
natural philosophy for convenience 

a. Experimental A very remarkable fact concerning the phvsieal 
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sciences is that every laboratory study of a physical condition or 
thing involves the bringing of that condition or tiling into an unchang- 
mg state by laboratory control Classical physics is the study of 
permanent or quasi-permanent states 

A simple example of a piece of physical research is the work of 
Boyle and Gay Lussac, and I will set forth this example as if the whole 
of the experimental study of gases had been completed, as we now 
know it, by Boyle and Gay Lussac They took a batch of gas and 
bottled it up and protected it as completely as possible from outside 
disturbing influences, “killing it dead' 1 as it were, then subjecting it 
to very slow changes of volume and temperature, they measured 
volumes, temperatures and pressures with the utmost care Thus 
they found definite one-to-one correspondences between the measured 
values of volume, temperature and pressure 

The equation pv =■ RT expresses approximately 2 the laws of Boyle 
and Gay Lussac which are one-to-one correspondences between p, t 
and T, where p is the pressure, v is the volume, and T is the absolute 
temperature of a batch of gas, and A is a constant This equation is 
applicable to the gas only where the gas is in thermal equilibrium 
When the gas is not m thermal equilibrium it has no definite pressure 
or temperature, and its volume 19 , strictly speaking, a measurable 
property of the containing vessel which is to be thought of as in thermal 
equilibrium If a slow reversible change of state of the gas is repre¬ 
sented graphically in a pv, or pT, or Tv diagram, we get a continuous 
curve, but if at any stage the process becomes irreversible the gas 
becomes turbulent and there is a gap in the process curve The im¬ 
portant thing is to recognize that there are definite one-to-one corre¬ 
spondences of the Boyle and Gay Lussac kind which can be established 
with a degree of precision which is dependent only on the completeness 
of the control, on the precision 2 of the measurements, and on the use 
of a sufficiently large amount of gas 

* It is a common mistake to think of the classical laws of physics as invxact 
when they are merely not $mpU from the arithmetic or algebraic point of 
view The simple algebraic expression of the gas laws, namely, pv m BT f 
is known to be only approximate, but there am very definite one-to-one re¬ 
lationships between p, v, and T when a considerable body of gas is kept in 
a quiet condition 

'Every physical measurement depends on a congruence operation, the 
fitting together of the thing to be measured and of the measuring structure, 
and errors of measurement (erratic errors of meaeurement) are of two diatmet 
kinds, namely. Mnnnc men which are due to the inherent variability of 
the thing which is being measured, and extnnnc erro rs which are due to van- 
ability of the meaeunnffstructure. The so-called probableerror of a measured 
result should therefore be separated into two parte, namely the true probetob 
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All of the classical laws of physics are one-to-one correspondences 
between the various measured aspects of a system, they relate to sub¬ 
stances or systems m permanent states, they are intrinsically approxi¬ 
mate only when the permanence is incomplete or when the substance 
or system under test is so small that atomic or molecular irregu¬ 
larities become perceptible, and the essential narrowness of the 
classical method m physics has never been more strikingly pointed 
out than by Goethe, who, being a poet, could not be expected to 
recognize the necessity or appreciate the tremendous importance 
of a narrow prosaic point of view 

" Wer will was Lebendiges erkennen und beschreiben 
Sucht erst den Geist heraus zu treiben ” 

Instead of bottling a batch of gas and wrapping the bottle m cotton 
wool, let it be turned loose and allowed to run wild! We can still 
follow it to some extent idealistically in terms of fleeting quasi- 
permanencies and roughly approximate one-to-one correspondences, 
and this is what your classicist m physics takes to be the whole story, 
but the point I shall wish to make is that a batch of gas turned loose 
and allowed to function m the forward movement of nature does 
perhaps run wiidl 

Quantitative chemistry* again, is not concerned with chemical ac¬ 
tions themselves 4 but with their results* Consider, for example, a 
steam boiler plant, and fancy an engineer looking into the furnace 
and attempting to observe and record the height and breadth and 
momentary temperature of each flicker of flame! It is not done 
The important thing is the amount of steam that is produced by each 
pound of coal, and this depends only on (I) the condition of the feed 
water from which the steam is made, (2) the quality of the coal before 
it is put into the furnace, (3) the initial condition of the air which 
enters the furnace, (4) the condition of the flue gases as they enter the 
chimney, and (S) the pressure and temperature of the Steam which is 


error which is due to variability of the measuring system and to the inaccuracies 
of congruence, and the probable departure, this departure being the probable 
departure of the measured system from the carefully considered estimate at 
any instant 

* In some eases chemical action shows itself* approximately as a permanently 
varying state, and the various aspects of a chemical system in a permanently 
varying state can be measured and correlated* Thus the slow saponification 
of an oil is approximately a permanently varying state and the study of slow 
saponification eves nse to the notion of motion velocity. Permanently 
varying rtates of chemical systems constitute what the writer has salted Moody 
mg* See pages 128-146 of Franklin and MaeNutt's Hmt t LaneaaterjS, 
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produced That is to say, it is necessary to consider only the states 
of things before and after the combustion takes place, and the only 
measurements that need be made, the only measurements that can 
be made, are measurements of substances m thermal equilibrium 
The laboratory method for the study of thermal and chemical changes 
is what may be, in mild derision, called the “before and after” 
method I 

b Methods There are four distinct methods m physics, namely, 
the method of mechanics, the method of thermodynamics, the 
method of atomics, and the method of statistics, and all four methods 
come into play m the broad study of any particular condition or thing 

The method of mechanics is exemplified by what is narrowly called 
mechanics; under the name of generalised mechanics it includes the 
whole of the classical treatment of electricity and magnetism, of 
light and of sound, and it stops short where thermal and chemical 
changes come into consideration 

The method of thermodynamics is essentially an extension of the 
method of mechanics so as to include the study of thermal and 
chemical changes and this extension is based on two generalizations, 
namely, on the first and second laws of thermodynamics 

The methods of mechanics and thermodynamics are not to be ap¬ 
prehended by definition, but by actual use Both methods establish 
oorrelahons directly in terms of measured data without any consideration 
whatever of the essential nature of physical conditions and tkmgs, both 
methods ore highly abstract and they neglect much that is by no 
means always negligible; both methods establish one-to-one corre¬ 
spondences between the various measured aspects of systems in 
permanent or quasi-permanent states, and what I have called the 
“before and after” scheme gives to the method of thermodynamics 
a truly remarkable range in the correlation of the consequences of 
irreversible processes or forward movements 

The atomic method is the building of elaborate conceptual pictures 
of the essential nature of physical conditions and things on a postulate 
foundation* The molecule, the atom, the ion, the proton, and the 
electron as used in theory are mere postulates in view of the fact that 
as physical things our knowledge of them is so incomplete. 

Everyone is familiar with the use of the atomic method in elemen¬ 
tary chemistry, and with the somewhat vague but nevertheless im¬ 
portant use of the atomic theory in *fy&dalTs “Heat, a Mode of 
Motion” The so-called kinetic theory of gases is also quite well 
known, but the use of the atomic method in cryptography by 
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Sohncke and others before the days of Laue and the Braggs, and the 
elaborate attempt which was made a hundred years ago to use the 
atomic method in the theory of elasticity are not generally known. 

The atomic method has been extensively used in the elucidation of 
previously known one-to-one correspondences The kinetic theory of 
gases, for example, gives a remarkable rational insight into the laws 
of Boyle and of Gay Lussac The atomic method has also been of 
use in the discovery of classical one-to-one correspondences, and the 
most remarkable example of this sort of use is, perhaps. Maxwell’s 
discovery of the invariance of gas viscosity with respect to pressure 
when the temperature is constant Furthermore an important use 
of the atomic method is in the rationalization of simple types* of 
forward movements such as reaction velocities, radio-activity, thermo- 
tonic emission, electrical conduction, etc 
The statistical method* has been used but little in physics, except 
in meteorology which I will consider later The best known statistical 
studies m the laboratory are Perrin’s study of the Brownian motion, 
Rutherford’s study of the scattering of alpha and beta particles, 
and Millikan’s study of the movement of charged droplets of oil 
through lomzed air All of these studies are intimately connected 
with the atomic theory in that they deal with atoms or something like 
aiding as the actual objects of study. Perhaps the greatest achieve¬ 
ments of the atomic method in the future will be statistical—only 
then it will not be the atomic method as above defined for atoms 
themselves will be the physically real objects of study. 

Helmholtz has used the word “ systematic” to designate the 
methods and results of classical physics, which includes the methods 
of mechanics and thermodynamics and also the method of atomics 
when used as it has been hitherto in the discovery and elucidation of 
one-to-one correspondences However, we often extend the classical 
systematic physics to systems which are very far removed from per¬ 
manent states, but the ideas which are used, the measurements 
(approximate measurements) which are made, and the approximate 
one-to-one correspondences which are established are all borrowed 
from and interpreted in terms of ideal permanencies 
c. Idealisation. It is necessary in what follows to refer repeatedly 


1 These are what the writer has called steady sweeps or permanently varying 
states which are amenable to measurement 
1 What is here referred to is the use of the theory of probabilities m the 
arrangement and interpretation of observational material. The kinetic theory 
of gases and statistical mechanics (Gibbs) are postulate structures, they are 
not what is here called statistical phywes. 
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to actual happenings m the physical world Such happenings are 
so-called irreversible or sweeping processes, they always involve an 
increase of entropy, 7 and it is helpful to refer to them as forward 
movements 

Let us look very briefly into the most familiar branch of physics, 
namely, Mechanics In the study of the performance of any kind 
of a mechanism a great variety of change is involved, and yet the 
science of mechanics is no exception to the general statement that 
physical science is the study of permanent or quasi-permanent states 
To justify broadly this statement in its application to mechanics it 
would be necessary to show that every phase of laboratory control in 
any detailed mechanical study is for the sake of permanency, it would 
be necessary to explain at length the peculiarly idealistic 8 character 
of mechanical studies, in general, and it would be found that the 
superficial and idealistic character of the science of mechanics is 
bound up with and grows out of the fact that the irreversible aspects 
of physical happenings are completely ignored 8 in all mechanical 
studies. To undertake to do all this would lead us away from the 
main theme of this paper and it must suffice therefore to refer to the 
science of hydraulics as a partial illustration of the method of me¬ 
chanics A brief discussion of hydraulics is indeed worth while 
because the idealistic character of this branch of mechanics is easily 
explained and because everyone can understand the utter inadequacy 
of the idealized science of hydraulics on the basis of what can be easily 
seen in any actual case of fluid motion 


7 No generalisation in physics is more important to the biologist than the 
“ law of entropy ” or the second law of thermodynamics. The elementary die- 
oumon of this law which is given m Franklin and MacNutt’e Heat is recom¬ 
mended to the biologist because this discussion dwells at first on the physical 
facte, because the postulate character of the generalisation itself is then set 
forth, because the meaning of the generalisation is then exemplified in simple 
concrete terms, end because the mathematical arguments which lead to the 
experimentally verifiable consequences of the generalisation are made as 
simple as it u possible to make them Of all the generalisations of physics 
the second law of thermodynamics is the most deeply rooted in intuition. 

8 One of the most far reaching discussions along this line is an appendix in 
Sir Joseph Lamar’s “Aether and Matter” on “The Scope of Mechanical Ex¬ 
planation ” This appendix of Sir Joseph’s is difficult to read, but the reader 
will be helped m getting a clear idea of what is here referred to by reading the 
simple discussion of the mechanical nature of force which is given on pages 
174-17$ of Franklin and MacNutt's “Electricity and Magnetism,” Lancaster, 
Pa., 1024 This discussion is an exposition of the simpler ideas which are 
•st forth in the above mentioned appendix to Sir Joseph’s “Aether and 
Matter*” 

•Fnction is indeed taken into account in many mechanical studies, but in 
a manner so utterly incomplete that this statement may be allowed to stand. 
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Hydraulics, as the term is here used, is the study o! fluids in motion, 
and the phenomena of fluid motion are excessively complicated. The 
apparently steady flow of a river m a smooth channel is seen on dose 
inspection to be an endlessly intricate combination of boiling and 
eddying motion The jet of spray from a fire nozzle; the burst of 
steam from the safety valve of a locomotive, the fitful motion of the 
wind as indicated by fluttering leaves and quivering blades of grass, 
and as actually visible m driven clouds of dust and smoke, and the 
visible sweep of the flames in a conflagration—these are actual ex¬ 
amples of fluid motion and they are indescribably, infinitely com¬ 
plicated! Everyone concedes the idea of infinity which is baaed on 
abstract numbers, one, two, three, four, and so on ad infinitum , and 
the idea of infinity which comes from the contemplation of a straight 
line, but most men are so narrowly concerned with the humanly sig¬ 
nificant and more or less persistent phases of the material world that 
their perception does not penetrate into the substratum of erratic 
action which underlies every physical happening, and they balk at the 
suggestion that the phenomena of fluid motion, for example, are in¬ 
finitely complicated Surely the abstract idea of infinity is nothing 
m comparison with the awful intimation of infinity which comes 
from things that are seen and felt 

The science of hydraulics is based on ideas which relate to average 
aspects of fluid motion We can determine the time required to draw 
a pail of water from a hydrant or the drop of pressure along a pipe 
line from a pump to a fire nozzle, or the force exerted by a jet on the 
buckets of a water wheel, but such things are never perfectly steady 
even when the ruling conditions are completely controlled, they are 
always subject to perceptible variations of an erratic character, and 
to think of any of these effects as definitely quantitative is, of course, 
to think of their average character under the given conditions. 

The most important conceptual element in the science of hydraulics 
is the idea of simple and if we limit ourselves to what is called 
permanent or steady flow this idea of concept is that the velocity of 
the fluid at each point remains constant in value and unchanging in 
direction so that the motion of a fluid can be visualised in terms of 
What are called stream lines. Simple flow is however, an idea, not a 
fact, and stream lines never exist in actual fluid motion. Neverthe¬ 
less, the whole of the science of hydraulics is based on the idea of 
simple flow and one or two additional sharply defined ideas just aa 
the science of geometry is based on sharply defined ideas of which the 
most familiar is the idea of a straight Hne. 
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Now it is not the purpose of this paper to discuss the very great im¬ 
portance of precise ideas in the physical sciences nor to justify the 
useful and even necessary habit among physicists of accepting and 
talking about such ideas as facts, a habit which is similar to that of 
the ordinary man who thinks of a straight line as a physical fact 
rather than as a mere idea Any other point of view involves too 
many qualifications m speech and thought, and qualifications always 
weaken speech and thought It is a great help, says Helmholtz, to 
form the most concrete possible pictures of abstractions even when 
such pictures involve assumptions that are in all strictness unneces¬ 
sary It is not my purpose, I say, to point out the importance of 
precise ideas, but it is quite necessary for me to call your attention to 
the fact that the many precise ideas which underlie the physical 
sciences operate not only as a stimulus to, but also as a constraint on, 
the imagination 10 

What would you say of a fire chief who might become absorbingly 
interested in the infinite complex of minute detail of the stream of 
spray from a fire nozzle? Of a farmer who would employ an in¬ 
numerable squad of disembodied spirits who could be stationed in his 
fields without interfering with the drops of rain and set observing and 
recording the size and shape and placing of each individual drop of 
rain? And yet it is on minute details of this kind that 1 ask you to 
fix your attention and exercise your imagination, because it is the aim 
of this paper to show that any infinitesimal detail or element in the 
infinitive aggregate of such that exists in any forward movement of 
nature may conceivably dominate the movement as a whole and 
determine finite consequences 

M Reference may be made to an essay of C 8 Peirce, 7 T Ae Momat, April, 
1892, reprinted in his Chance, Love and Logic (edited by W R Cohen), 1923 
A quotation “I propose here to examine the common belief that every single 
fact in the universe m precisely determined by law It must not be supposed 
that this is a doctrine accepted everywhere and at all times by all rational 
men. Its first advooate appears to have been Democritus, the atomut, who 
was led to it, as we are informed, by reflecting upon the * impenetrability, 
translation, and impact of matter/ That u to say, having restricted his at¬ 
tention to a field where no influence other than mechanical constraint could 
possibly come before his notice, he straightway ftutsped to the conclusion 
that throughout the universe that was the sole principle of action,—« style of 
reasoning so used in our day with men not unreflecting as to be move than ex¬ 
cusable m the infancy of thought But Epicurus, m revising the atomic doc¬ 
trine and repairing its defences, found himself obliged to suppose that atoms 
swerve front their courses by spontaneous chance; and thereby he conferred 
upon the theory life and entelechy.' 1 
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The Real State of Affairs 

What I have to say to you about indeterminism in physics is simple 
enough and it will take only a short time to tell, it has already been 
adumbrated in the discussion of idealization, but I must count on 
your continuing to take a realistic view of physical things, and by 
realistic I mean a freely imaginative sensuous view as opposed to a 
constrained aperceptive view which secs only what is in conformity 
with accepted ideas For we must certainly break away from the 
idealization of classical natural philosophy if we are to give adequate 
attention to the discontinuous and to that which in particular is 
lawless and becomes lawful only m general 

The attempt is made in this paper to show that, conceivably, there are 
gaps in nature wherein there are no physical or chemical laws, no one4o - 
one correspondences expressible m terms of differential or integral equa¬ 
tions, and that the finite consequences of such a gap or break are inde¬ 
terminate 

Turbulence The more an experimental system departs from an 
ideal permanent or permanently varying state, the more clearly we 
recognize an underlying erratic action which is indescribably com¬ 
plex This erratic action exists everywhere and in everything that 
goes forward in nature, we call it turbulence, and I think it may be 
assumed to be infinitely complicated and never twice alike in detail 
even when the large-scale conditions are exactly the same We 
have a macro-physics, a large scale physics, which is the physics of 
the classicist, and we have a new micro-physics, a small scale physics 
The terms macro-physics and micro-physics are however misleading 
because turbulence often shows itself in large-scale phenomena such 
as storm movements in our atmosphere and storm movements in the 
sun, to say nothing of such frequent large-scale turbulences as auto¬ 
mobile and tnun wrecks and collapsing structures! It is these large- 
scale turbulences which I wish especially to consider, not because they 
are essentially different from omnipresent small-scale turbulences, 
but because they are humanly significant and therefore real to every¬ 
body, and the point I wish to make is that a large-scale turbulence can 
conceivably be attributed to infinitesimal causes . 

Turbulence is characteristic of those physical and chemical changes 
which are called irreversible or sweeping processes Such processes 
involve increase of entropy and they are normally impetuous. The 
most familiar example of such a process is ordinarily fire, and, aa 
everyone knows, a fire is not dependent on external driving cause but 
when once started it goes forward of itself and with a rush 
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Impetuous processes, such as explosions and wrecks and the storm 
movements of our atmosphere, are intimately connected with con¬ 
ditions of instability Indeed an impetuous process seems always to 
be the collapse of an unstable state Let us therefore consider two 
ideal examples in which the condition of instability is supposed to be 
completely established at the beginning 

(a) Imagine a warm layer of air near the ground overlaid with cold 
air Such a condition of the atmosphere is unstable and any disturb¬ 
ance however minute, may conceivably start a general collapse. Thus 
a grasshopper in Idaho might conceivably initiate a storm movement 
which would sweep across the continent and destroy New York City 
or a fly in Arizona might initiate a storm movement which would 
sweep out harmlessly into the Gulf of Mexico These results are 
different surely, and the grasshopper and the fly may be of entirely 
unheard of varieties, more minute and insignificant than anything 
assignable Infinitesimal differences in the earlier stages of an im¬ 
petuous process may, therefore, lead to finite differences in the final 
trend of the process 

(b) Consider a smooth spherical ball traveling through still air 
There certainly is no more reason to expect the ball to jump to the 
right than to the left Therefore, we may conclude that it will not 
jump either way Similarly, a sharp-pointed stick stands m a per¬ 
fectly vertical position m a perfectly quiet room, and there is no more 
reason to«expect the stick to fall one way than another therefore the 
stick will not fall at all Everyone appreciates the fallacy of this 
argument as applied to the stick, and the moving ball does, in fact, 
jump sidewise 

To understand the behavior of the ball, let us think of the ball as 
standing still and of the air as blowing past it m a steady stream 
The air streams past the ball and slides over a body of still air behind 
the ball, 11 the surface which separates the moving air and still air is 
called a vortex sheet, and a vortex sheet is unstable Any cause 
however minute, is sufficient to start an eddy or whirl, and once 
started such an eddy or whirl develops more and more Such an 
eddy or a whirl means that the air streaming past one side of the ball 
is thrown inward or outward and the reaction on the ball pushes the 
ball sidewise This effect can be shown by dropping a marble m a 
deep jar of water Instead of moving straight downwards the marble 
follows an erratic zigzag path This effect is familiar to everyone m 
the sidewise quivering of a stick or fishline in a stream of water, and 

u The motion of the sir is somewhat idealised in this statement 
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the hissing of a jet of steam is due to the rapid fluttering of the bound¬ 
ary between steam jet and air because of the formation of innumer¬ 
able eddies 

The above examples refer to the breaking of an unstable state by a 
minute disturbance In the case of an ideal or complete instability 
the breaking disturbance can be smaller than anything assignable, 
that is to say, the breaking disturbance can be an infinitesimal dis¬ 
turbance in the strict mathematical meaning of this term, many of 
the finite characteristics of the resulting forward movement will be 
determined by the time and place of the infinitesimal disturbance, 
and we must admit that the idea of cause and effect is here inappli¬ 
cable because a finite effect cannot be attributed to an infinitesimal 
cause 

A postulate . In that branch of mathematical physics which is 
called statistical mechanics and which includes the atomic theory, 
we speak of the complection of a system when we wish to refer to the 
positions and velocities of all the elements or particles of the system. 
Let us use this word in the statement of the Postulate of Indeter¬ 
minism The compledum of the world tomorrow %s not determinate — 
that is to say, it does not grow out of the complection of the world 
today as a single-valued determinate thing This is a postulate 
which, as it seems, must be accepted as a working hypothesis in the 
" extra-equilibrium *' world, the world of actual happenings, where 
things never do stand still, but go forward by fits and start? impetu¬ 
ously and beyond all control. 

Whenever the postulate of erratic action is set forth, and the prob¬ 
able departure of a natural phenomenon from the most carefully con¬ 
sidered prediction is urged as in the nature of things inevitable, we 
meet objections from two classes of men, namely, the average man 
who thinks frankly in terms of human values (the gardener who is not 
concerned with individual drops of ram) and the classicist in science 
who idealises nature in one-to-one correspondences Surely the 
classicist says , 94 it we knew all the data we could make an unqualified 
prediction in any case/' But, ignoring the hopelessly unscientific 
attitude of mind of one who can postulate infinite knowledge, let it 
be understood that to speak of data in physics is to speak of a very 
narrow and limited kind of thing, for data are conceivable only where 
measurements can be made or where we have, contrary to Bacon's 
exhortation, accepted a dream of fancy for a model of the world. 

Meteorology has for many years been the only branch of physics 
dealing with actual uncontrolled happenings, and the statistical 
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methods which have heretofore been used in meteorology have been 
too much of the kind that is applicable to a homogeneous aggregate of 
erratic elements Statistical meteorological studies have in most 
cases involved the leveling process of simple averaging, whereas the 
conditions would seem to require classification ten thousand times 
more exhaustive than any hitherto made* Rythmic variations of 
day and night, the succession of the seasons, bodies of land and water, 
mountains and valleys, and the influence of underlying regularities of 
atmospheric movement which show themselves m what we call pre¬ 
vailing winds, all these would seem to have much to do with the char¬ 
acteristics of incipient atmospheric instabilities and they must 
certainly operate as "grooves” as it were, in their influence on storm 
movements and determine a host of families and genera and species. 
Any adequate statistical study of a "grooved” system must use 
exhaustive classification studies To be content with averages and 
probable departures derived from meteorological data uninfluenced by 
exhaustive classification studies is as hopeless as a study of plants and 
animals which ignores the existence of species 13 

The conception of indeterminism, as dependent on the collapse of 
unstable states is decidedly incomplete m a realistic sense because 
every unstable state is an ideal Static and dynamic instabilities of 
Bystems of rigid bodies are very highly idealised, and so also are static 
and dynamic instabilities of fluids, and all such instabilities of mechan¬ 
ical system are, perhaps, in their limits, incompatible with the atomic 
or molecular constitution of matter However, the main purpose of 
this paper is to make indeterminism thinkablel Critical instabilities 
are highly idealized, as stated, but it does seem that an interpretation 
of nature which is based on the postulate that critical instahilrtie$ do 
occur is more realistic (on the whole less highly idealized) than the 
usual inedhanutic interpretation which is based on the even higher 
degree of idealization which rules out the critical instability 

The postulate of indeterminism and its basis on instabilities is not 
new It is set forth in a "practical” form m a remarkable paper by 
J Boussinesq, entitled "Conciliation du Veritable Determinism M4- 
chamque avec 1’Existence de la Vie et de la Liberty Morale,” Pans, 
1878, reprinted in the third volume of his Theorie de la Chaleur, etc, 
Pans, 1922 That Boussinesq should incorporate this essay in his 
great treatise on heat and light shows that he still holds to his earlier 

“ For a further discussion of meteorology see my paper m the Monthly 
Weather Review, September 1918, m which paper w given a preliminary 
sketch of my point of view relative to indeterminism 
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views, and it may indicate that he considers these views to be worthy 
of attention although they have been almost completely neglected 
hitherto "Scientists are in agreement 1 ’ says Boussinesq “that 
physical and chemical laws are reducible m the last analysis to dif¬ 
ferential equations’ 1 and indeterminism is connected with the behavior 
of differential equations at or near their singular points The equa¬ 
tions have several distinct solutions which differ only infinitesimally 
at or near a singular point, so that in passing through a singular point 
an infinitesimal influence is sufficient to determine the outcome of one 
or the other of the distinct solutions and thus lead to widely different 
consequences 

Ahout the same tune as Boussinesq, Maxwell was making a similar 
suggestion l * Says he Every existence above a certain rank has its 
singular points, the higher the rank the more of them At these 
points influences too small to be taken into account by a finite being 
may produce results of the greatest importance All great results 
produced by human endeavor depend on taking advantage of these 
singular states when they occur. But singular points are by their 
very nature isolated and form no appreciable fraction of the con¬ 
tinuous course of our existence This view of Maxwell’s makes in* 
determinism the exceptional, determinism the ordinary course of 
events, but the exceptional the more significant An anology from 
biology might be mutation and from astronomy the cataclysmic 
change which leads to the birth of a double star 14 

A Generalization Although through the ideas of singular states 
and the collapse of unstable states, it may be possible to go some 
distance towards giving a rational theory and a convincing illustration 
of indeterminism m physics, we do not believe that these suggestions 
are adequate So pervasive are the cases of observable indetermin¬ 
ism, so obvious does it appear that the whole mechanistic system and 
philosophy of systematic physics is an idealisation directly away 
from intimate happenings for the purpose of simplifying microscopic 
explanation, that we prefer to regard the facts of nature as indicating 
indeterminism as not exceptional but general A batch of gas turned 
loose and allowed to function in the forward movement of nature does 
perhaps run wild! We have, of course, chemical instabilities, and the 
recent developments of atomic theory, especially those which include 

” See “The Life of Clark Maxwell" by L. Campbell and W. Garnett, 1882, 
pp 434ff 

14 See for example, J H. Jeans' Cosmogony and Stellar Dynamics, Chapter 
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the quantum theory, seem to indicate the existence m nature of 
kinds of instability and of chance happenings previously undreamed 16 

The point of view relative to indeterminism which we have tried to 
sutaume in a postulate and to illustrate by pointing out what does 
seem to happen in the world of physics is cognate not so much to that 
of Boussinesq and of Maxwell as to that of C S Peirce In an 
imaginary dialogue with an imagined opponent, after the style of 
Plato, Peirce says* 5 " Very well, my obliging opponent, we have now 
reached an issue, you think all the arbitrary specifications of the 
universe were introduced in one dost, in the beginning, if there was a 
beginning, and that the variety and compileation of nature has always 
been just as much as it is now But I, for my part, think that the 
diversification, the specification, has been continually taking place ” 
And again, 17 “An elememt of pure chance survives and will remain 
until the world becomes an absolutely perfect, rational, and sym¬ 
metrical system in which mind is at last rrystalh/ed in the infinitely 
distant future ” 

Whether the last phrast is merely rhetorical for emphasis or whether 
it represents Peirce's notion of the inevitable hue of evolution in 
nature's infinite variety is not clear, but with respect to evolution 
and the idealized laws of nature he does say this ,K 11 1'mforinities are 
precisely the sort of facts that need to be accounted for Now the 
only possible way of accounting for these laws of nature and for 
uniformity in general is to suppose them results of evolution This 
supposes them not to be absolute, not to be obeyed precisely It 
makes an element of indeterminacy, spontaneity, or absolutely 
chance in nature ” These are our gaps, they are inherent and not 
necessarily mere singular points in differential equations which cannot, 
as a matter of fact, be set up except on a basis of idealizations and 
uniformities 

11 It is interesting to note that in the work of Einstein and his followers we 
find both determinism and indeterminism On the one hand his generalized 
relativity with its developments to mdude electrical phenomena is the apoth- 
esis of the Democritus-Ncwton-LupJaoe Maxwell school of classical natural 
philosophy anil has already found its interpreters among philosophers, notably 
A N Whitehead On the other hand Ins quantum theory and theory of 
radiation with their < x pen mental and theoretical consequent es make a return 
to the Epicurean doctrine of the swerving of atoms (electrons and quanta are 
the prime movers now) from their courses bv spontaneous chance, if such 
phenomena anti notions become in due time thoroughly basic and permanent 
in physics, they, too, will find their interpreters among philosophers 

19 Chance, Love and Logic, p 105 

17 1M , p 177 

*lbtd,p 162 
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It is not necessary to follow Peirce in all his ideas, but it is advan¬ 
tageous to recognize with him and a long line of predecessors that a 
purely mechanistis philosophy does not cover all the phenomena of 
nature It is not necessary to slacken our endeavors to explain, as 
duly caused, all phenomena which may be so explained, and we are 
entirely sympathetic with the mechanistic developments in genetics, 
physiology, and biology m general, but it is important to realize that 
there will always remain points at which such explanations break 
down, and recourse must be had to a classificatory procedure such as 
has been urged relative to meteorology. It is possible that the present 
difficulties m reconciling the new quantum phenomena with the old 
classical physics are in part due to the fact that physicists have long 
since abandoned the classificatory method and are too loath to return 
to it 
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Introduction 

The various phenomena of magnetostriction together with their 
inverse effects, namely, the effects of stress on magnetization, ha\e 
been known for a long time In particular, Nagaoka and Honda (1) 
studied the effect of hydrostatic pressure on the magnetization of 
iron and nickel, and later on, Miss Frisbie (2) repeated the work for 
iron The highest pressure used by Nagaoka and Honda was about 
300 atmospheres, that by Miss Fnsbie about 1000 atmospheres For 
iron, while Nagaoka and Honda obtained only a decrease of mag¬ 
netization by pressure, Miss Frisbie obtained an increase in low fields 
and a decrease m high fields, the range of field covered by Miss Fnsbie 
being withm that covered by Nagaoka and Honda Besides this 
disagreement m results, the data presented by these authors are not 

* The material of this paper constitutes essentially the thesis submitted by 
Dr Yeh for the doctor's degree in June 1023 The manuscript of this paper 
was handed to me by Dr Yeh immediately before he left this country in the 
late summer of 1023 The delay m publication has been caused by my dif¬ 
ficulty in getting into communication with Dr Yeh to obtain his consent to 
various changes in the text and diagrams affecting only the method of presen¬ 
tation —P* W, Bridgman 
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sufficient for giving a comprehensive view of the pressure effect on 
magnetization 

The present research was undertaken because we thought that the 
subject could now be attacked more comprehensively and also to 
better advantage There are three reasons for this (1) the work of 
Professor Bridgman has enabled us to extend the pressure to a much 
wider range than covered by earlier workers, (2) the ferromagnetic 
metals can now be obtained m a much purer condition than those 
used by the earlier experimenters, (3) the results may stimulate in¬ 
terest in developing magnetic theories along modern lines 

Experimental Method in General 

In order to avoid end effects, toroidal specimens were used The 
method of balancing the magnetic deflection against that due to 
another specimen, made as nearly similar as possible to the pressure 
sample, was rejected at the very beginning of the work, since it cannot 
give reliable results on account of the great difficulty of getting ex¬ 
actly similar specimens The increase of magnetization of iron under 
pressure for H about 5 obtained by Miss Frisbie might be easily ex¬ 
plained by this error (This wrong effect might also be due to im¬ 
perfect demagnetization as we will see later) Instead of the method 
of Miss Fnsbie, we balanced the deflection due to the specimen under 
pressure against that due to a mutual air inductance 

Two kinds of runs were made, one at a constant magnetizing field, 
and the other at a constant pressure They will be described sepa¬ 
rately 

Constant Field Runs —For these runs, the ballistic deflection due to 
the magnetic specimen was nearly completely balanced against that 
due to a mutual inductance, leaving however a residual reversal de¬ 
flection greater than the total change of reversal deflection at 12000 
kg /cm 8 This deflection usually amounted to several centimeters 
It waa not possible to balance the magnetic deflection exactly when 
there was no pressure for the reason that the two parts of the magnetic 
reversal deflection, one obtained on breaking the circuit and the other 
on making the circuit in the opposite direction, were unequal because 
of hysteresis The result was that during the initial stages of the 
reversal there was a slight deflection in a direction opposite from the 
final deflection. The effect probably could be eliminated by increasing 
the period of the galvanometer or by increasing the rapidity of reversal 
Too rapid reversals are, however, not desirable on account of the dif- 
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ficulty of insuring uniform operation Tlie final scheme adopted was 
to minimize the initial reverse deflection as much as possible by using 
two mutual inductances of different values, such that one of them is 
in circuit when the magnetizing current goes one way, while the other 
is in circuit when the magnetizing current goes the other way This 
arrangement was made possible by using a reversing switch of eight 
poles The mutual inductances were made of solenoids with sliding 
secondary coils inside the primary They were specially made to 
give the large \ anation demanded in this work 

From the direct observations, the difference* of residual reversal 
deflections were calculated When these are divided by the total 
reversal deflection of the specimen alone (without the compensating 
mutual inductance) under no pressure, we obtain the percentage 
change of permeability or induction This is practically the same as 
the percentage change of susceptibility or magnetization for the ferro¬ 
magnetic substances m the range of fields we are using These per¬ 
centage changes have to be corrected for the change of dimensions 
under pressure, because in the calculation of B and H from experi¬ 
mental data, the cross section and circumferential length of the ring 
come into consideration When we consider the decrease of area 
under pressure, twice the absolute \alue of linear compressibility 
must be added to the uncorrected pressure coefficient When we 
consider further the circumferential linear contraction and the con¬ 
sequent higher value of 11 we must subtract the absolute value of the 
linear compressibility, making a total additive correction of the ab¬ 
solute value of the linear compressibility The magnitude of this 
correction is 02% for each 1000 kg /cm 8 . It should be deducted from 
the numerical value of the observed percentage change, when the 
pressure coefficient of magnetization is negative, it should be added 
when positive 

When the corrected percentage changes were plotted against 
pressure, the first few runs showed a flat region in the curve plotting 
AB/Bo against pressure or else showed u cun e of continually increas¬ 
ing slope Further, the results were often u regular* The cause of the 
trouble was later traced to imperfect demagnetization The final 
scheme adopted was to demagnetize the specimen completely before 
every change of pressure When this was done, the percentage 
change became linear with pressure within the limits of experimental 
error, and the results also became reproducible 

A word sbould be said about the meaning of the reversal deflection 
as measured here. As is well known, the first reversal deflection is 
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greater than the later ones What was measured here was the con¬ 
stant reversal deflection obtained after several reversals, which can 
be determined with greater accuracy than the initial reversal de¬ 
flection The question of accuracy is of particular importance here 
because we are dealing with small differences Hie values of perme¬ 
ability and also of differential permeability therefore come out con¬ 
siderably lower than when measured by the step-by-step method 

In using the balanced reversal method, we have to be particularly 
careful about the effect of imperfect demagnetisation For suppose 
we start with a specimen npt completely demagnetized, then the re¬ 
versal deflection under no pressure and low fields will be smaller than 
it ought to be If, now, the residual magnetization is a function of 
the pressure, the error in the residual deflection will vary with pressure 
so that the apparent percentage change produced by pressure may be 
complicated m character and entirely erroneous, it may even he of 
the wrong sign Under high fields an erroneous result is less likely 

In general, the effects of imperfect magnetization m iron and nickel 
are opposite, since their pressure coefficients are of opposite signs 

Constant pressure runs —This type of run was to determine the 
percentage change of permeability as a function of the field It is less 
conducive to accurate measurement than the constant field run; but 
it gives a more comprehensive idea about the course of phenomena 
In this type of run, we simply obtain a normal magnetization curve 
under no pressure, and then one under high pressure. This method 
gives reliable results if the pressure is sufficiently high The method 
of balancing the magnetic deflection against a mutual inductance de¬ 
flection is here not used on account of the inconvenience of changing 
the mutual inductance adjustments before every increase of the mag¬ 
netizing current Even if the balancing method were used, it would 
not give as accurate results as with the constant field runs 

Experimental Details 

The pressure apparatus designed by Professor Bridgman has been 
thoroughly described in his papers (3) It suffices to say that the 
apparatus can hold pressure with practically no leak for the range 
covered in this paper, namely, 0-12000 kg /cm*. The measurement 
of pressure by the change of resistance of manganin wire under 
pressure has also been described in Professor Bridgman’s papers (4), 
By comparing with an absolute gauge he showed that the change of 
resistance of manganin is linear with pressure for the range covered 
here 
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The pressure values reported below were obtained as follows the 
total resistance of the gauge and the change of resistance under 
pressure were directly measured on the bndge The pressure was 
then calculated with the coefficient 2*325 X 10"* per kg/cin 8 The 
maximum error that may be introduced in the absolute \alue of 
pressure on account of the slight variation of the pressure coefficient 
for different specimens from same spool is about 2% The error in 
the relative values of pressure is leas than 1% 

The diameter of the hole of the cylinder containing the specimen 
was about 16 mm , and its external diameter about 8 times the diam¬ 
eter of the hole These dimensions of the lugh pressure chamber 
necessitated the use of toroidal specimens having an outer diameter of 
about 16 mm and an arm width of about 3 2 mm The toroids were 
made into shape with a semi-circular cutter 

The specimen was mounted horizontally on a collar screwed to a 
three-terminal plug The three terminals served for the secondary 
leads and one of the primary leads The other primary lead was at¬ 
tached to the body of the plug Through each hole passed a steel 
stem surrounded by packing which served for keeping the pressure os 
well as for insulating the stem from the mam body of the plug The 
perfection of the insulation w as tested both on the bridge for measuring 
pressure and with the ballistic galvanometer, the criterion W'lth the 
latter being that its zero should be exactly the same no matter whether 
the primary current was going one way or the other No particular 
care was taken to compensate or minimize the earth’s field, because 
the effective earth’s field inside the pressure cylinder must be ex¬ 
ceedingly small 

The primary winding was such that one ampere gave about 50 
gausses. The total number of secondary turns ranged from 200 to 
500. For the primary winding, enameled copper wire was used, the 
diameter of the bare wire was about 2 mm The change of resistance 
of the primary by pressure does not affect our results, because the 
constancy of current was watched with a potentiometer. For the 
secondary winding, silk insulated copper wire was used, the diameter 
of the bare wire being about 0 76 mm The total resistance of the 
secondary winding varied from 10 to 20 ohms Since the total change 
of resistance of copper under 12000 kg /cm 8 is about 2% of the re¬ 
sistance under no pressure, the maximum change of resistance of the 
secondary that might affect our results is about A ohm Since there 
are more than 9000 ohms in the secondary circuit, the correction to 
be applied is at most 005%. We need not consider this correction 
since we give results only to a hundredth of a per cent. 
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Before putting on the primary winding, the anchor ring was in¬ 
sulated with a thin layer of enamel, baked on in an oven at a tem¬ 
perature around 205° C, A single layer of the primary was wound all 
over the circumferenct of the ring, care being taken to keep the wind¬ 
ing radial The secondary was then wound outside of the primary, 
no care being taken to keep the winding radial, because it was not 
necessary What enters the measurement of the induction is the 
projection in the direction of the field of the area through which the 
lines of force run. This projection is always the cross section of the 
arm of the ring. Winding was done by hand and the number of 
turns was counted at the same time 
The magnetizing current was kept constant by watching a potenti¬ 
ometer of very simple scheme, (see fig 1) a standard cell being used 



directly m closed circuit in series with a 50,000 ohm resistance during 
balancing The emf of the standard cell was compared with that 
of a better standard from time to time. It kept its value within one 
thousandth of a per cent. 

The field, //, is given by the relation // = (4/10 )NI for a thin 
toroid, w here 1 is the current in amperes and N the number of primary 
turns per cm / was measured on the potentiometer N was obtained 
by dividing the total number of primary turns by the mean circum¬ 
ference of the toroid. The largest uncertainty in the measurement 
of field lies in the fact that our toroids were not thin, the ratio of arm 
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width to mean diameter varying from 026 to 031. The error that 
may be introduced on this account is about 3% according to a cal¬ 
culation by Lloyd (5) Errors m measuring N and / are certainly 
much less than this 

The magnetic measurements were carried out with a ballistic gal¬ 
vanometer It was used in the nearly critically damped condition 
(slightly over damped) with 9680 ohms in the circuit. The gal¬ 
vanometer (Cat No. 2285-D Serial No 73779) was obtained from 
Leeds and Northrup Its free period is 28 set, ballistic period, 6 sec 
It was used at a distance of about 3 meters and gave a sensitivity of 
0092 microcoulomb per millimeter 
The equation for calculating the induction, B, is 

« KRd 

B SC 


where d = Yi reversal deflection, w ■= total number of secondary 
turns, A — cross section area of the arm of the anchor ring, R * 
total resistance in the secondary circuit, K = galv anometer constant 
Since R was kept constant, the calibration of the ballistic galvanom¬ 
eter amounts to finding the combination of constants K X R This 
was done by means of a mutual inductance standard, of the value 
0 964 millihenries The relation for calculating KR is the following 


KXR 


MI 

d. 


where M « mutual inductance, d, « deflection oliserved when we 
make or break a current of value /, The absolute \alue of K X R 
is only needed for the B — U curves, not for the pressure coefficients 
of magnetization Throughout the series of runs, the galvanometer 
constant was found to keep its value within 08% 

When the deflections became too large, a shunt of ratio 2 55 was 
used in parallel with the ballistic galvanometer The shunt ratio 
was directly determined by comparing the deflections obtained with 
and without the shunt 

The electrical connections, except for minor conveniences, are 
sketched m fig 1-3 With regard to the primary circuit, the reader 
will note that when the switch is closed one way, the current follows 
the path AC(MI j) D —toroid— EB t when reversed the path is 
AC'(MIt) D'£— toroid— DE’B The exact equality of the two paths 
of the primary circuit as far as resistance is concerned was tested with 
the potentiometer Outside of the ferromagnetic specimen, the cir- 
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The specimens were demagnetised by using a gradually decreasing 
alternating current (60 cycles), starting from a current higher than 
the maximum magnetizing current The current was varied by 
varying the potential with a sliding resistance of tubular type 

The pressure cylinder containing the specimen was surrounded with 
a tank of water with a stirrer The temperature of the bath was kept 
around 20° C Since the temperature coefficient of magnetization 
around room temperature is small, the pressure coefficient could be 
measured without taking elaborate means to keep the temperature 
absolutely constant, the temperature of the bath was constant within 
a degree 

The heating effect of the magnetizing current is a factor that must 
be considered With one ampere current, the temperature of the 
specimen is probably 1° higher than that of its surroundings This 
is one of the reasons for not pushing the magnetizing current beyond 
two amperes 

The Materials 

The specimens examined are described as follows 

Pure Iron —The specimen was of French preparation, obtained 
from Professor Sauveur It is known to contain 99 98% iron ^It is 



indeed very pure as shown by its microphotograph (fig 4) The 
material had been previously annealed by imbedding in lime. The 
toroid, after being shaped, was annealed again by heating to 1000° C 
in an electric furnace, followed by cooling in the furnace The speci¬ 
men, while annealing, was imbedded m a large quantity of iron dust 
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to prevent oxidation Microphotographic examination of the toroid 
after annealing shows tliat tlie material remained very pure 
Slightly Carbonized Iron —This specimen started its career as a very 
pure specimen of iron, obtained from the Bureau of Standards, having 
the following analysis C 005%, Si 007%, S 011% The toroid 
made from it was annealed in the same way as described above The 
toroid, after annealing, was not examined at once microphotographi- 
eally, and it was thought that it had remained very pure After the 
series of readings was taken with this specimen, the pure iron de¬ 
scribed m the lost paragraph was examined to see whether the results 
would agree The results, however, came out widely different MiCro- 



FiG uric 5 Microphotograph of Slightly Carbonised Iron 

photographic examination of the specimen from Bureau of Standards 
then showed that it had l>ccn slightly carbonized while annealing 
The results obtained with this specimen are therefore to be taken as 
results for slightly carbonized iron The difference between the 
specimen of pure iron and that of slightly carbonized iron is clearly 
seen in figures 4 to 5 The microphotographs were taken with the two 
anchor rings themselves after their pressure coefficients had been de¬ 
termined An alcoholic solution of 5% nitric acid was used as the 
etching agent, with a magnification of 125 diameters 
After much work was done on the specimen from the Bureau of 
Standards, it was certainly a great disappointment to know that the 
specimen had been slightly carbonized The impressive lesson is 
that for any magnetic measurement of pure iron, a microphotograph 
should be taken before and after any heat treatment. 
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Steels —Two kinds of steel, of carbon content .10% and 30% were 
examined. The method of annealing was the same as for iron 

Nickel —The specimen of nickel examined had the following analy¬ 
sis Approximately 99 1% Ni, 0 5% Co, together with small amounts 
of Fe, Si, C, and Cu It was annealed by heating to 900° C., fol¬ 
lowed by slow cooling 

Cobalt —The specimen was obtained from the Bureau of Standards 
which again obtained it from Kahlbaum It came m the form of 
little cubes A casting was made in a vacuum furnace The toroid 
made from the casting was first annealed by heating to 1000° C 
After a series of readings was taken, it was annealed again, using the 
method of Kalmus (9), 1 e keeping the specimen between 500° and 
600° C for several hours The second series of readings, however, 
gave no different results 

In table I are given the dimensions of the toroids 


Specimen 

Table I 

Mean diameter Arm width 

Arm width/mean diameter 

pure iron 

1 110 cm 

294 cm 

265 

slightly carbon- 
wed iron 

1 153 

300 

260 

10% C steel 

1 018 

317 

312 

30% C stool 

1 054 

305 

289 

nickel 

1 092 

292 

267 

cobalt 

1 067 

336 

312 


These dimensions will be needed m applying a certain correction to 
our experimental results, to be explained later, as well as in calculating 
H and B. 

Experimental Results 

ABfBo at Room Temperature —Sample curves of constant field runs 
are given in figures 6 to 8 They show that, for iron, the decrease of 
magnetization is proportional to pressure within the limits of experi¬ 
mental error The individual data for II -* 0 52 and H *= 15 6 are 
not as regular as for H — 1 30 and 4 69 The reason is that for 
// *» 0 52 the total deflection is small, and for II * 15 6, the per¬ 
centage change becomes small 

In the case of nickel, the increase of magnetization is also approxi¬ 
mately linear with pressure. That the curve h&s a slightly increasing 
slope is explained by the fact that the speumeu, though demagnetized 
before taking the series of readings for the curve, was not further 
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Figure 6 Effect of prefigure, at 20°, on the induction of slightly carbon¬ 
ised iron, under a constant field of 130 Gauss Ordinates are — (A B/B%) 
in per cent, abscissae pressure in thousands of kg /cm* 

demagnetized m the course of increasing pressure (See the paragraph 
on the effect of imperfect demagnetization) 

Sample data sheets for constant field runs are given in tables II, 

Table II 

Constant field run for slightly carbonized iron at H - 1 30 



Residual 

A B/Bt (per cent) 

Pressure 

Rev Defl 

Uncorrected 

Corrected 

0 kg /cm 1 

5 09 cm 

0 

0 

1010 

4 72 

- 2 17 

- 2 15 

1030 

4 39 

- 4 10 

- 406 

3470 

3 80 

- 7 04 

- 6 97 

4370 

3 65 

- 8 44 

- 8 85 

5300 

3 30 

-10 49 

-10 38 

0400 

2 93 

-12 67 

-12 54 

7590 

2 60 

-14 60 

-14 45 

8490 

2 24 

-16 70 

-16 52 

9570 

1 89 

-18 76 

-18 58 

10320 

1 61 

— 20 40 

-20 19 

11290 

1 32 

-22 08 

-21 85 
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data {or fig 6, and III, part of data for fig. 7. A sample data sheet 
for a constant pressure run is given m table IV, data for fig. 9 
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Plautus 7 Effect of pressure, at 20°, on the induction of slightly carbonised 
iron under constant fields of respectively 0 52, 4 69 and 15 6 Gauss, reading 
from the top down Ordinates arc — (AJf/tfo) in per cent, abscissae pressure 
in thousands of kg/cm 1 



Figure 8* Effect of pressure, at 20°, on the induction of nickel under a 
constant field of approximately 2 Gauss Ordinates are + in per 

cent, abscissae pressure in thousands of kg/cm* 
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Figure 0 Results for pur© iron at 20° Abscissae are //, in Gauss 
Ordinates, left hand scale, — (AB/B 0 ) in per cent per 1000 kg /cm *, right 
hand scale, B m thousands of Gauss 

TABLE III 


Constant Field bun for slightly carbonized iron at H «* 0 52 



Residual 

AB/Bo (per cent) 

Prewrur© 

Rev Poll 

Uncorrected 

Corrected 

0 

2 53 



1850 

2 42 

— 44 

- 4 3 

2020 

2 46 

- 2 8 

- 2 7 

3740 

2 35 

- 7 1 

- 7 1 

5880 

2 25 

-11 1 

-11 0 

7770 

2 15 

-15 0 

-14 0 

0540 

2 07 

-18 2 

-18 0 

11180 

1 07 

-22 2 

-21 0 


Note Hi© straight line passing through the origin and fitting well the 
points corresponding to high pressures passes between the points corresponding 
to 1860 and 2020 kg /cm a The irregularity at low pressures is evidently due 
to difficulty of accurate measurement 

TABLE IV 

Constant pressure run for pure iron at P *■ 7610 ko /cm * 



Total Rev 
Dell at 

Total Rev 
Dell at 

AB/Bo (per cent) 

A B/B# (per cent) 
for 1000 kg /cm * 

// 

P - 0 

P m 7filO 

Uncorrected 

Corrected 

Corrected 

0 27 

48 

40 

17 

17 

-2 27 

0 38 

80 

60 

25 0 

24 8 

-3 31 

0 54 

1 41 

1 02 

27 7 

27 5 

-3 07 
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TABLE IV —Continued 


H 

Total Bov 
Doll at 

P -0 

Total Re\ 
Dofl at 

P - 7510 

AJ3/JBd (per cent) 
Uncorrected Corrected 

A£/2)o (per cent) 
for loon leg /cm * 
Corrected 

0 76 

2 62 

1 74 

33 6 

33 4 

-4 45 

0 97 

4 72 

2 80 

38 8 

38 6 

-6 16 

1 08 

6 38 

3 73 

41 5 

41 3 

-6 51 

1 35 

12 31 

7 33 

40 5 

40 3 

— 6 38 

1 62 

19 41 

12 50 

35 6 

35 4 

-4 72 

1 89 

25 10 

17 81 

29 1 

28 9 

— 3 86 

2 10 

30 00 

22 93 

23 7 

23 5 

— 3 14 

2 70 

14 37* 

30 20 

17 2 

17 0 

-2 27 

3 79 

17 63* 

15 71* 

10 9 

10 7 

-1 43 

4 87 

19 58* 

18 10* 

7 57 

7 42 

-0 90 

The remaining data are given m Tables V to IX, 

and m figures 10 




1ABLE V 



OBSERVED PRESHURW CObKFIClKNTM OP MAGNETIZATION FOR HlIOHILY 



Carbonized Iron 




U 


B 

Pressure Coefficient 


0 26 


244 

_ 

1 30 


0 52 


1048 

— 

1 88 


0 62 


1102 

- 

2 14 


0 73 


1566 


2 36 


0 78 


1915 


2 06 


0 83 


2170 


2 43 


0 93 


2800 

- 

2 38 


1 04 


3640 


2 19 


1 30 


5480 

- 

1 80 


1 56 


6020 

— 

1 71 


1 82 


7050 


1 40 


2 08 


7620 

— 

1 27 


4 69 


11200 

— 

0 73 


15 6 


16580 

— 

0 16 


52 0 


18760 


0 01 




TABLE VI 




Observed Pressure Coefficients of Magnetization for 10% C Steel 


Obwnred 


U 

B 

Pressure Coefficient 

0 57 

300 

-0 57 

1 13 

836 

-0 95 

1 42 

1292 

-1 28 


Constants of circuits changed 



518 


TEH. 


TABLE VI —Continued 

Obmrred 


It 

» 

Prwure Ooefitaleiit 

1 70 

1928 

-1 50 

1 98 

2695 

-l 69 

2 20 

3570 

-1 57 

2 83 

4870 

~1 52 

3 40 

6030 

~1 33 

3,06 

6890 

-1 15 

4 53 

7640 

-1 06 

5 15 

8390 

-0 07 

5 66 

8910 

-0 93 

U 32 

12210 

-0 58 

16 08 

13000 

~0 38 

22 64 

15000 

-0 25 

28 30 

15660 

-0 18 

33 96 

16170 

TABLE VII 

-0 10 

Observed Pressure Coefficients op Magnetization for 30% C Steel 

Observed 

H 

B 

Pressure Coefficient 

0 00 

203 

-1 66 

1 24 

014 

~1 80 

1 48 

851 

-1 88 

1 73 

1163 

-1 99 

1 06 

1588 

— 2 05 

2 47 

2565 

-2 30 

2 06 

3610 

-2 30 

3 46 

4560 

— 2 16 

3 06 

5510 

- 2 02 

4 50 

6440 

-1 84 

4 04 

7090 

TABLE Vlll 

-1 70 

Observed Pressure Coefficients or Magnetization for Nickel 

Observed 

H 

B 

Prewure Coefficient 

223 

33 

+ 2 5 

446 

70 

+ 3 2 

624 

118 

+ 4 2 

892 

210 

+ 5 4 

1 115 

303 

+ 5 56 

1 338 

402 

+ 6.62 

1 561 

503 

+ 5 34 
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TABLE VIII —Continued 

Observed 



B 

Pressure Coefficient 

1 784 

603 

+ 5 22 

2 01 

602 

+ 4 97 

2 23 

775 

+ 4 76 

4 46 

1478 

+ 4 57 

6 60 

2000 

+ 3 87 

8 02 

2480 

+ 2 82 

11 15 

2010 

+ 2 32 

13 38 

3300 

+ 1 82 

15 61 

3640 

+ 1 37 

17 84 

3030 

+ 1 10 

20 07 

4170 

+ 0 78 

22 30 

4360 

TABLE IX 

+ 0 71 

Observed Pressure Coefficients of MAONKTtrATiON for Cobalt 

Observed 

// 

B 

Pressure Coefficient 

10 0 

380 

-0 2 

16 3 

668 

-0 2 

21 8 

081 

-0 2 

27 3 

1278 

-0 2 

32 8 

1562 

+ 0 000 

41 0 

1042 

+ 0 30 

45 2 

2130 

+ 0 27 

48 0 

2250 

4-0 26 

66 1 

2580 

4-0 25 

64 3 

2885 

+ 0 30 

72 4 

3165 

+ 0 38 

70 6 

3420 

4-0 41 


to 14, the pressure coefficients are given as before as percentage 
changes per 1000 kg /cm* The numbers are obtained from the slope 
of the best fitting straight line in the case of the constant field runs. 
When pressure coefficients are deduced from constant pressure runs, 
use is made of the linear relation between percentage change and 
pressure established by the constant field runs On account of the 
fact that our toroids were not thin, the pressure coefficient thus re¬ 
ported ss a sort of average pressure coefficient corresponding to some 
average fidd. To reduce these experimental values to true coef¬ 
ficients corresponding to definite values of field involves the solution 
of an integral equation. The writer had not been able to solve the 
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integral equation, but believes that the data presented in tins paper, 
namely, the B-H curves, the observed pressure coefficients, and the 
dimensions of the specimens, are sufficient for reducing the experi¬ 
mental values to true coefficients when the method of solving the 
integral equation is discovered 



Figure 10 Results for slightly carbonized iron at 20° Abscissae, H in 
Gauss Ordinates, left hand scale, - (AB/Ba) in per cent per 1000 kg/cm # , 
right hand scale, B in thousands of Gauss 



Figure 11 Results for 10% carbon steel at 20*. Abscissae, H in Gauss 
Ordinates, left hand scale, - (Afl/B 0 ) in per cent per 1000 kg./cm*\ tight hand 
scale, B in thousands of Gauss 
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Figure 12 Result* for 30% carbon steel at 20° Abscissae, H in Gauss 
Ordinates, loft hand scale, — (AB/B«) in per cent per 1000 kg /cm \ right 
hand scale, B in thousands of Gauss 



Fig 13. fecsults for nickel at 20° Abscissae, H in Gauss. Ordinates, 
left hand scale, + (AB/B 9 ) in per cent per 1000 kg/cm.*, right hand scale, 
B in thousands of Gauss 
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Figure 14 Rwmlta for cobalt at 20° Abscissae, // in Gauss Ordinates 
left hand scale, A B/Bo in per cent per 1000 kg /cm * (circles), right hand scale, 
B m Gauss (crosses) 


The Effect of Pressure on the Reteniinty of Pure Iron —From the fact 
that pressure is able to set free the residual magnetism of iron, it is 
expected that the retentivity of iron will decrease under pressure By 
retentivity as measured here, we mean, when expressed in per cent — 

100 {% Rev Defl —withdrawal deflection) 

Rev Defl 

The withdrawal deflection is obtained by opening the primary circuit 
Two kinds of withdrawal deflection are recorded below one is ob¬ 
tained after many reversals, and the other is obtained after applying 
and withdrawing the field in one direction several times We shall 
call the former cyclic withdrawal deflection, and the retentivity com¬ 
puted from it cyclic retentivity, the latter will be called the minimum 
withdrawal deflection, and the retentivity computed from it maximum 
retentivity 

The following data are obtained at H * 1 62. 



P -0 

P - 7000 

P - 6030 

P m 10340 

12 Rev Defl 

0 74 

6 21 

2 92 

2 46 

Cyclic withdrawal defl 

2 38 

2 04 

1 88 

1 68 

Mm withdrawal defl 

1 97 

1 79 

1 79 

1 65 

Cyclic Retentivity 

75 8% 

67 l 

35 6 

31 7 

Max Retentivity 

79 8 

71 2 

38 7 

33 0 
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The run was undertaken merely to obtain some idea of the effect, 
so only a few points were taken For some reason the point at 
P « 7000 is bad, there seems to be no reason why there should be a 
sharp drop of retentivity around 8000 kg /cm 2 

The Temperature Coefficient of the Pressure Coefficient of Magnetiza¬ 
tion —With the data of four magnetization curves, the following four 
coefficients can be obtained 

(1) temperature coefficient of magnetization under no pressure 

(2) “ u “ “ under pressure 

(3) pressure “ u u at room temperature 

(4) “ " " " at 100° C 

As before, by pressure coefficient we shall mean percentage change 
per 1000 kg /cm 2 By temperature coefficient we shall mean the 
average percentage change per degree averaged over an interval of 75°, 
from 25° to 100° C In Table X are presented sucli a set of coef- 

T ABLE X 

Temperature and Prhhhure Coefficients of Maunktization of Nickel 


Temp Coef Pressure Coef 


H 

AtJP *0 

At P m 7300 

At 24° S 

At 90° 8 

223 

57% per degree 

647 

2 5% per 1000 

3 1 




kg /cm * 


446 

595 

618 

3 2 

3 48 

624 

587 

472 

4 2 

4 6 

892 

427 

199 

5 4 

3 04 

1 115 

32 

1 

5 56 

3 06 

1 338 

238 

-0 063 

5 62 

2 02 

1 561 

172 

-0 108 

5 34 

1 79 

1 784 

143 

-0 138 

5 22 

1 59 

2 01 

12 

-0 147 

4 97 

1 53 

2 23 

099 

-0 157 

4 76 

1 44 

4 46 

069 



0 63 

8 92 

039 



0 52 


ficients for nickel In calculating the temperature coefficient under 
a certain pressure, the value of B at 25° C. and under that pressure is 
used as the zero level against which percentage changes are figured, 
in calculating the pressure coefficient at a certain temperature, the 
value of B under no pressure and at that temperature is used as the 
zero level 
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In looking over the table, we are first impressed with the fact that, 
for nickel, pressure has a large effect on the temperature coefficient 
While under no pressure the familiar reversal from positive to negative 
temperature coefficient does not occur even at H « 8 92 , it occurs 
under P *= 7300 at // = 1 26 To confirm these results, two constant 
field runs at H = 2 01 were made — the run under no pressure gave 
the temperature coefficient + 118% per degree and that under 
8080 kg /cm 2 gave — 170% per degree On the basis of the coef¬ 
ficient — 0 147 for the same field under 7300 (see Table X) the coef¬ 
ficient under 8080 would be — 176 The agreement is fan 
We see that at fields greater than 5 pressure has the effect of de¬ 
creasing algebraically the temperature coefficient* Since the pressure 
coefficient is positive for nickel, it is mathematically necessary that 
temperature has the effect of decreasing the pressure coefficient This 
fact is shown in the last two columns of Table X The reader will 
also note that (PB/dpdt is positive at very low fields 
For pure iron, it was found that pressure has the effect of increasing 
algebraically the temperature coefficient Since the pressure coef¬ 
ficient is negative for iron, it follows mathematically that temperature 
has the effect of increasing algebraically the pressure coefficient (i e 
decreasing the absolute value) The data of Table XI illustrate 
these facts 

TABUS XI 

Temperature and Pressure Coefficients of Magnetization of Pure 


Iron 

Temp Coef Pressure Coef 


// 

Under no Pressure 

Under P - 7060 

At 25® O 

At 100* O 

43 

+ 147 

+ 177 

— 3 25 

-0 99 

61 

171 

105 

— 3 03 

-2 09 

66 

232 

247 

-4 80 

-3 60 

1 06 

265 

204 

-5 48 

— 4 87 

1 30 

263 

264 

— 5 51 

— 5 39 

1 61 

163 

158 

-4 97 

— 4 65 

1 73 

126 

135 

— 4 36 

— 8 70 

1 04 

007 

106 

-3 79 

— 3 08 

2 16 

4 32 

072 

070 

-3 14 
-1 20 

— 2 61 
*1 23 


Summing up, we see that the crossed derivative cPBjdpdt is pre¬ 
eminently negative for nickel but positive for iron. The facts seem 
to indicate that the distance between atoms or molecules is one of the 
chief factors that control the magnetostriction phenomena. Regard- 
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less of the sign of the pressure coefficient, temperature has the effect 
of decreasing numerically the pressure coefficient That is, under the 
same pressure and the same field, the change of magnetization is less 
at a higher temperature than at a lower temperature. The under¬ 
lying reason seems to be that on account of the thermal expansion of 
the atomic lattice, the same amount of pressure is less effective in 
producing change of magnetization 

Discussion of the Experimental Results 

For all the fields investigated, the pressure coefficient of magnetiza¬ 
tion is negative for the different varieties of iron and steel, but positive 
for nickel For cobalt, the pressure coefficient is negative, that is, 
iron-like for fields below about 30 gausses, for higher fields, the 
pressure coefficient becomes positive, that is nickel-like The inter¬ 
mediate character of the results for cobalt is very interesting and must 
have theoretical significance m view of the fact that cobalt is also 
between iron and nickel when the elements are arranged in the order 
of their atomic numbers 

When we plot the absolute \alue of the pressure coefficient against 
field, the curves for iron, steel, and nickel all show a rather sharp 
maximum at a certain field For pure iron, the maximum percentage 
change is — 5 5 per 1000 kg /cm *, occurring at H = 1 2, for nickel, 
the maximum is + 5 0, at H *= 13 

It may be asked whether the percentage change also vanishes with 
a vanishing field. To answer this questton experimentally would be 
a fussy undertaking, on account of the small value of B at very low 
fields, and consequently, the necessity of winding a large number of 
secondary turns From the fact that both permeability and dif¬ 
ferential permeability (l e the derivative dB/dH ) are not zero for 
H *= 0, it is highly probable that the per cent change also does not 
vanish for // « 0 

With regard to iron, steel and nickel, another interesting question 
is whether the sign of the pressure coefficient would reverse at very 
high fields The question is especially important for iron and steel 
which exhibit reversal points for both the Joule effect and the Villari 
effect For the slightly carbonized iron, at H » 52, the percentage 
decrease was found to be slightly less than 01% per 1000 kg /cm*. 
A test was also made at H » 112, with pressure put on and released 
several times. Hie effect of pressure is unmistakably a decrease of 
permeability, however minute that may be The data are, however, 
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still insufficient to answer the question definitely All we can con¬ 
clude from the tendencies of the curves and the phenomena of mag¬ 
netic saturation is that for very high fields, the pressure coefficient of 
magnetization assumes a very small value, either positive or negative, 
which is perhaps of the order of the compressibility of metals The 
question is fundamentally important and worthy of further attack, 
either theoretical or experimental If the limiting value of the pres¬ 
sure coefficient for very high fields were rigorously zero, the saturation 
intensity of magnetization per unit volume would be independent of 
pressure, when the change of dimensions due to pressure is taken into 
account in calculating B and II Assuming that the atoms are the 
magnetons, then there would In* a decrease of the magnetic moment of 
the atom under pressure A conclusion of this sort would involve 
very important consequences Incidentally, the reader may note 
that there is also no experimental data on such a problem as the 
saturation intensity of an iron rod under tension. 

With regard to iron, the data of the present research definitely 
contradict the positive pressure coefficient of magnetization obtained 
by Miss Fnsbie at low fields In the earlier course of the work, 
what Mihs Fnsbie observed was indeed also observed by the author 
The cause was later traced to imperfect demagnetization, the pressure 
being able to set free a part of the residual magnetism of iron When 
demagnetization was perfect, the erroneous effect also disappeared. 
The reversal obtained by Miss Fnsbie might also be due to imperfect 
demagnetization 

Theoretical Considerations 


Thermodynamically, the effect of hydrostatic pressure on mag¬ 
netization is reciprocally connected with the volume change produced 
by magnetization, so that from the results of the present research, 
conclusions with regard to the latter effect can be deduced with a 
reasonable degree of certainty But the reader must carefully note 
that we cannot draw any necessary conclusion m regard to the other 
types of magnetostriction phenomena. The following classification 
clearly illustrates the meaning of this statement — 


A Effect of stress on magnetization B. 

1 Effect of pressure (hydro¬ 
static) on magnetization 

2 Effect of tension on mag¬ 
netization (Villari effect) 


Strain due to magnetization 

1. Volume change due to 
magnetization 

2. Length change due to 
magnetization (Joule ef¬ 
fect) 
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3. Reciprocals of Wiedemann effect 3 Wiedemann effect 

(a) Transient current effect 

(b) Longitudinal magnetization- 
effect 

This classification presents clearly the theoretical connection be¬ 
tween tfce various phenomena. Those in the same horizontal line are 
reciprocals of each other and are connected by thermodynamics, 
while those in the same column arc connected by mechanisms deeply 
rooted in the nature of elasticity and magnetism 
The phenomena in the above list are quite complicated The} 
depend not only on the nature of the magnetized substance, but also 
on the geometrical form of the specimen The description of these 
phenomena is out of place here In view of the eonfusion that exists 
in the literature with regard to the theories of magnetostriction, it will 
be worth while to outline the general theoretical methods 
There are two methods of treating magnetostriction The first 
method may be called the elasticity method It consists of first 
finding the force per unit volume acting on the matter when placed 
in a magnetic field This is accomplished by equating the change of 
electromagnetic energy with the work of virtual displacement of the 
parts against the force The expression for the body force, in the 
limit at surfaces of discontinuity, then gives an expression for the 
surface force acting at the boundary between the two media The 
elastic stresses and the strains are then computed by the equations of 
elasticity, so as to equilibrate the given body and surface forces 
The other method may be called the energy method or the thermo¬ 
dynamic method The only physical part of the reasoning consists in 
setting up an expression either for the heat absorbed or for the work 
done by the matter All the rest follows the formal work of thermo¬ 
dynamics, assuming reversibility. 

Let us now describe the elasticity method more in detail Let F 
be the vector force per unit volume acting on matter when placed in 
the magnetic field Let X t , Y Vf Z f , X M «■ 7,, Y, * Z» Z, = A’’, 
be the components of the elastic stress Then the equations of equi¬ 
librium state 

dX 9 , dX v , bx $ „ 

Bx + By + Bz " * 


•£+»& +Si¬ 

te dy Bz 


dZ* , &Z V 
Bx + By + 


BZm 

Bz 


-r* 


(i) 
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The strains are then computed from the stresses by the familiar re¬ 
lations of elasticity involving the elastic constants. 

In the literature, another set of stresses has been introduced, namely, 
that in the ether We will denote the components of this set by A», 
C tf A v » B g » C ¥f C 9 « A b . The assumption made by 
Maxwell and others (6) is simply that 



This assumption is however not compelling In the following treat¬ 
ment we will make no use of the stresses in the ether 

With the thermodynamic method, the work amounts to applying, 
in many cases, only a single general theorem For an isothermal 
reversible process, from the two laws of thermodynamics, we know 
that the work term dA is a total differential I-et dA = 
where <j> and t|> are any two variables that may enter our problem, 
and A4> and Aty are the corresponding coefficients. 

If <j> and are also independent variables, then 



We have therefore 

\ h \84> U 

The simplest application of (4) concerns the reciprocal relation 
between the volume change produced by magnetisation and the 
change of magnetization due to pressure Let V and I be the total 
volume and the total magnetic moment of a substance under hydro* 
static pressure There will be not only a change of volume due to 
pressure, but also a change of magnetization due to pressure The 
work term consists of two parts (1) work done by the substance 
when its volume increases by iV, (2) work done upon the substance 
when its magnetization increases by d.1 .'.dA <■ —Hdl -f- pdV 

When we take p and H as independent variables, then 

Whence 
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It is important to note that in this equation / and V mean the total 
magnetic moment and the total volume of the specimen, not per unit 
volume or per gram We now let I * iV f where % =* intensity of 
magnetization Then 

(a-'(s).-(a 

Dividing by Vo, since VIVq is practically unity, we have 



(dt/dp )jsr is the pressure coefficient reported in this paper 
In this deduction, we make no specifications about the form of 
specimen, so equation (7) is true for any form of specimen provided 
there is no end effect This condition is satisfied m the case of a thin 
toroid 

Let us now see whether equation (7) is in agreement with results 
obtained m the other way. Since 



3 

E 


(1 —2<j) 


where E is Young's modulus, K, rigidity, and ff, Poisson's ratio, 
assuming that (1 IVo)(dVfdp) changes little with magnetization, we 
obtain from (7) by integrating with respect to H, 



5(1 


— 2a) f\w- 

Jo Jo to \ OP/H 


( 8 ) 


Thu u in agreement with what was obtained by Kolacek by the 
elasticity method, since the expression (dt>dP) + ( dildQ ) + (dt/dii) 
in his formula, where P, Q, R are the principal tensile stresses, is 
exactly our dt/dp With (8), we analyse the volume change produced 
by magnetisation into two parts one part is intimately connected 
with the pressure coefficient of magnetisation, and the other part is 
still present evenJghen the pressure coefficient u zero. At low fields, 
the part connectea with the pressure coefficient is more important 
than the other part, but for high fields, the latter becomes increasingly 
important, since (l/io)(dt/dp) approaches zero asymptotically for 
high fields 

On the basis of the data of this paper, the volume changes produced 
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by magnetization at fields below 100 gausses can be calculated. But 
to extend the calculation to much higher fields, further assumptions 
are necessary 

For iron, whose pressure coefficient of magnetization is negative, 
both terms work toward an increase of volume 
is of the order of 10^ 8 , 3(1—2 ct)%!E is of the order of 10" 9 
for low fields When the contribution by Sildp becomes inappreci¬ 
able, say after saturation, the volume still increases at the rate of 
3(1 —2a)? saturation//? per gauss Taking a * K* /5 = 2 X 10 12 , 
“ 2 X 10*, thus amounts to about 1 5 X 10“ 9 per gauss 
For nickel, the two terms work in opposite directions The term 
connected with dildp will give a decrease of volume This decrease 
will become approximately constant when the field is sufficiently 
high, after that, the volume will continually increase at the small 
rate of about 4 X 10“ 9 per gauss, so that the total change of volume 
eventually posses through zero, and at still higher fields becomes in¬ 
creasingly positive 

For cobalt, there will be an initial increase of volume at low fields, 
probably too small to be observed The further course of the volume 
change will be similar to the case of nickel, being at first a decrease, 
then a reversal of direction, passing through zero, and eventually 
becoming positive Since cobalt has a much greater saturation in¬ 
tensity of magnetization than nickel, the increase of volume at very 
high fields will be more pronounced m the case of cobalt, and the 
volume will pass through its initial value after the early contraction 
at a smaller field 

These qualitative conclusions are m agreement with the facts and 
the tendencies observed by Nagaoka and Honda (8) The initial 
volume increase of cobalt has so far not been observed 
Equation (8) gives the volume change produced by magnetization 
under any pressure When the % in the first term on the right hand 
side is we obtain the volume change produced by magnetization 
under that pressure By differentiating (8), we can obtain the 
pressure coefficient of magnetostriction 
To explain the effect of pressure on magnetization on the basis of 
the electron theory is not an easy matter In view of the fact that 
we yet have no adequate theory of ferromagnetism, it would seem to 
lie premature to attempt any complete explanation of the pressure 
effect on magnetization According to current theories, the ex¬ 
planation of ferromagnetism involves at least the following consider¬ 
ations — 
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1 The existence of saturation intensity points clearly to the ex¬ 
istence of some sort of elementary magnet 

2 Orientation of these elementary magnets must be the principal 
factor to account for the magnetization curve. 

3 The important influences that work against the orienting effect 
of the external field are thermal agitation and the mutual action 
between the elementary magnets 

4 It is found that thermal agitation and the orienting effect of the 
external field are insufficient to explain ferromagnetism The high 
permeability of the ferromagnetic substances points towards the ex¬ 
istence of some intense molecular field The nature of this molecular 
field is yet unknown 

5 The nature of the molecular field presumably depends upon the 
structure of the atomic lattice and the shape of the atom 

It is this last point that has most intimate connection with the 
effect we have studied Conceivably, the existence of both positive 
and negative pressure coefficients of magnetization is to be explained 
by the possibility that pressure may either increase or decrease the 
magnitude of the molecular field, according to differences of its 
structure It is interesting to note that while on the one hand we 
have the characteristic difference between iron and nickel with regard 
to the pressure coefficient of magnetization, on the other hand we also 
know that these two metals have different types of crystal structure, 
iron m the a range being body-centered cubic, nickel being face- 
centered cubic Although there is no correlation between ferro¬ 
magnetism and the type of crystal lattice, it is still quite possible that 
the characteristic differences in the crystal structure atfd in the 
pressure coefficient of magnetization might be consequences of the 
same primary cause Attempts to explain ferromagnetism with the 
molecular field of elementary magnets are so far quantitatively un¬ 
satisfactory The complications in the magnetic behavior of the 
chemical compounds seem to indicate that the valence electron must 
play a very important rfile in the ferromagnetic phenomena This 
factor, so far, has not been considered in any theory of ferromagnetism 
Iron, cobalt, and nickel mark the end of a period, the elements of 
which, according to Bohr's recent views, suffer a gradual transforma¬ 
tion in the inner configuration of the atom. The kernel of the atom 
is therefore characterized by greater asymmetry. How does this 
asymmetry influence the valence electron? How does the valence 
electron influence ferromagnetism? These are interesting problems 
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Summary 

1 Within the pressure range 0-12000 kg /cm. 1 , the change of 
magnetization at constant H is linear with pressure for iron, cobalt, 
and nickel 

2 Within the field range 0-100 gauss, the pressure coefficient of 
magnetization per unit volume is negative for iron, but positive for 
nickel It is highly probable on experimental grounds that the sign 
of the coefficient will not reverse for higher fields. 

3 For cobalt, the pressure coefficient of magnetization per unit 
volume is negative for fields below about 30 gausses, but positive for 
higher fields 

4 For pure iron at room temperature the percentage change of 
magnetization has a maximum of — 5.5% per 1000 kg /cm 1 at H 
about 1 2. The percentage change decreases quite rapidly on both 
sides of this maximum, approaching the axis asymptotically for 
large H Such a maximum change also exists for nickel, of value 
+ 4 5% per 1000 kg /cm* at H =* 1 3 

5 For both pure iron and nickel, (except nickel in very low fields) 
the absolute value of the pressure coefficient of magnetization per 
unit volume is less at a higher temperature 

6 For iron, the percentage change of magnetization is a very sen¬ 
sitive function of its carbon content 

7 The retentmty of iron decreases under pressure. 

8 By simple thermodynamics, it is shown that the volume change 
produced by magnetization can be analysed into two terms, the term 
involving the pressure coefficient of magnetization is important at 
low fields, while the other term not involving the pressure coefficient 
becomes increasingly important at high fields. 

In conclusion, the writer wishes to voice his gratitude to Professor 
P W Bridgman for his guidance in carrying out this work 

The Jefferson Physical Laboratory, 

Harvard University, Cambridge, Mass 
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This problem is a classical one and is descrilied in all general 
thermodynamic books, so that only some special points need be con¬ 
sidered here The experimental work so far done on the subject has 
been excellently summarized by L G Hoxton, 1 who also gives a good 
bibliography E S Burnett’s work 2 on carbon dioxide should be 
added to this list 

The experiment consists m allowing air to expand from a known 
pressure and temperature through some sort of porous partition to 
some lower pressure, and m measuring the new temperature assumed 
by the air This requires a supply of compressed air, the control of 
initial and final pressures and of initial temperature, and also the 
measurement of both pressures and both temperatures The ap¬ 
paratus used for each of these purposes will be described 

The plan adopted for taking the data is the well known 81 one of 
dropping from a fixed initial temperature and pressure successively 
to a senes of values of the lower pressure and measuring each resulting 
lower temperature The series of pressures and temperatures, in¬ 
cluding the initial values, are thus the same as would be obtained by 
a succession of thermometers and pressure gauges along an insulated 
linear plug Since the process may be made adiabatic to a close ap¬ 
proximation, the only exchange of energy possible is through the pv 
relations This is usually stated as 

u + pt » constant “ h 

where ti is the intrinsic energy and pv the volume energy Hus 
quantity (u + pe) has been called the “ enthalpy " and these curves 
"isenthalpic curves" or "lsenthalps” The Joqle-Thomson coef¬ 
ficient or porous plug coefficient is then 



where A is the enthalpy, and p is consequently the slope of these 
curves. 

+ Published at the expense** theKuznford Fund of the Am. Acad of Arts 
and Sciences for the aid of investigations m light and heat 
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Work on this problem has been under way in this laboratory since 
1905, first by E S Burnett and later by the writer Many things 
have interfered, and this report is consequently the result of six or 
seven years of spare time work* The mere maintenance of a com¬ 
plicated set up such as here described consumed considerable of this 
time 

Thermostat Bath Arrangements 

The apparatus was originally planned by the writer and Mr 
Burnett together, and this second construction utilized a number of 
points which experience had shown to be desirable It is quite similar 
to the apparatus used by the writer for porous plug work with water * 
A vertical cross section of the cylindrical arrangement is shown dia- 
grammatically m Pig 1 The central part of three superposed 
cylinders is a single forging of chrom-vanadium steel of the dimen¬ 
sions shown in inches The outer case is a piece of autogenously 
welded steel tube which rests on a lead gasket set in grooves at each 
end and is held m place by screws through nveted-on flanges The 
cover is a brass plate held at the center against a lead gasket by a 
nut running on the central steel tube 

The annular space thus enclosed is divided by a cylinder ooaa into 
two concentric annular spaces A centrifugal pump bb is formed of a 
group of radial vanes rotating on the steel tube and driven by a gear 
on a shaft coming down through the cover The bath liquid is hence 
forced to circulate through the two annular spaces as indicated by 
the arrows and the rotation of the pump also serves to displace the 
fluid continually around the axis At about 900 r p.m the stirring 
is violent, and the fluid moves rapidly around its path As a test 
the kerosene level was set below the top of the flow-dividing cylinder, 
and under these conditions the stirrer would maintain about 10 cm 
difference of level The bath had to be kept full and the high speed 
shaft free of protuberances, or air was churned into the fluid and 
caught by the down flowing column, till the flow almost ceased An 
overflow tank was provided* 

The compressed air supply entered at e in the base Connections 
of all kinds were kept off the steel outer case so that it might be easily 
removed Inside the bath the air pipe went vertically about half 
the bath height, then divided into two steel pipes (#" inside) wound 
oppositely in two layers, till at the top they joined each other again 
and entered the central cylinder at s. The coiled pipe in the lower 
half of the bath was intended for use when working near the saturation 
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conditions The air after passing through the plug could be passed 
through this lower coil to bring its temperature bock to that of the 
bath The valves and connections are ail in the base A complete 
working drawing makes a very complicated picture, since everything 
has to be readily demountable to permit the almost continuous series 
of repairs and modifications such work requires. 

The heating elements are placed in between the two layers of the 
lower coil They are made of nichrome wire wound on glass tubes 
supported on brass rods forming part of a frame. The three leads go 
out through the base through mica insulation. The coils are con¬ 
nected so that the two groups may be used in parallel or in senes. 

The two thermostat coils of nickel wire are wound on the brass 
cylinder////, and the four leads go out the top of the bath The top 
of the central cylinder is fitted with a union for holding the thermo¬ 
meter case The coil of the thermometer is thus m the air just before 
it enters the plug chamber In most of the work, a steel spiral flow 
guide was placed m the annular space (diametera and %”) about 
the thermometer When difficulty arose at the higher temperature 
part of the work, this spiral guide was replaced by a thin brass tube 
into which the thermometer case slipped neatly. Bare copper wire, 
no 30, was wound into a coil about y% outside diameter and the 
wires were spaced three or four wire diameters apart This coil 
was then wound gently around the brass tube, fluxed, and dipped in 
molten lead The result was to fill the annular space about the ther¬ 
mometer, through which the air flows, with a net of heat conducting 
wire loops The thermometer then responded much more rapidly 
to change in air temperature, the difference being quite noticeable in 
the ordinary routine of observations. In case the outer wall is at a 
slightly different temperature from the air-flow, the temperature 
read on the thermometer will be but little influenced by this wall 
difference—at least to a much less extent than with the previous flow 
guide Such on arrangement might be an advantage within the plug, 
to aid the mixing and averaging, and to speed up the response. The 
increase of viscous friction, and therefore of pressure drop, would, 
however, certainly introduce other difficulties. 

Two small holes were bored horixon tally through the base into 
the central cavity to serve as pressure leads for the barostst and the 
manometer. 

The plug is supported within the large cavity by another chrom- 
vanadium steel forging Contact is made on the double shoulders, 
each supplied with a lead gasket, and they are held together by 
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eleven % tf hard steel bolts The upper gasket serves to retain 
the compressed air in the chamber outside the plug aud the lower 
gasket to retain the air at the pressure inside the plug and so to force 
it over into the base proper and to the valve In the line there This 
valve was used for restricting the out-flow and raising the pressure 
inside the plug to the desired value To require two gaskets to come 
tight independently is usually not a good arrangement Here the 
lead was compressed very severely by the bolts and was retained by 
good fitting joints Both sides of the joints being of the same metal, 
temperature changes did not spoil the tightness. Very small leaks 
were of no moment for the present purpose, and noticeable leakages 
gave only a small amount of trouble A coat of graphite in oil made 
everything come apart readily after being at the high temperature 
All the oil evaporates, but the graphite prevents any sticking 
Threaded holes were cut in the flange and a pair of bolts served to 
push the pieces apart 

The removable part was provided with unions for supporting the 
plug and the thermometer Either thermometer could be used in 
either place A hole through this part into the chamber at the base 
of the plug served as a low pressure lead Tests in the early part of 
the work showed that while the air was flowing, the pressure in the 
flow guide was about 7 cm of mercury lower than m the larger cross 
section of flow m the plug just below the flow guide This is small 
enough not to be of moment except possibly where the pressure drop 
is small as well as the flow large, and at low pressure—a combination 
very seldom used—so that it is sufficient to measure the pressure in 
the chamber at the base of the plug 

Interchanoer 

The air escaping from the porous plug is very near the bath tem¬ 
perature When this temperature ib materially different from room 
temperature it aids greatly m convenience and cost to use this out¬ 
flow air to bring the inflowing compressed air toward the bath tem¬ 
perature* The compressed air was led through a group of 14 copper 
tubes in parallel, wound into a coil with the turns separated by copper 
wire, and the return air was led over the outside of this copper tube 
Hie return air at 200° C. gave up so much of its heat to the com¬ 
pressed air, that the returning air escaped from the interchanger at 
only 10-15* above room temperature. This lessened very greatly 
the already severe load upon the heating coils and consequently 
assisted materially in the bath regulation. 
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Temperature Control 

At the beginning, it was hoped that it would be possible to extend 
the readings over a considerable range of temperature Thermostats 
using volume changes are difficult to extend over any considerable 
range of temperature, as the filling liquids boil or freeze If a gas, 
like air, be used, the sensibility is lowered though the temperature 
range may be greatly increased, but such thermostats are at best 
crankv, unreliable pieces of apparatus, requiring continual attention 
Thermostatic regulators using electrical properties—resistance or 
thermal emf —have been described frequently in the literature* 
It was attempted to incorporate m one of these electrical control 
devices the principle of the Gouy regulator 4 



The final form is shown in diagram in Fig. 2 The Wheatstone 
bridge has arms of about 1000 ohms each and two of its coils Ri and 
Ri$ are made of very pure nickel wire, 0003" in diameter The 
nickel wire is some special wire drawn by Driver-Hams Co from 
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ingots supplied by M A Hunter of Troy, NY If the bridge be 
undisturbed, the setting will return repeatedly on different days, 
even around 300° C to usually within less than 0 1° from the previous 
setting. It has proved very greatly superior to the copper wire which 
was used at first 

The first coil is wound on thin mica, the bare wire being carefully 
spaced, coated with B&kelite lacquer, and baked. The second coil 
is wound on xmca laid over the first, lacquered, baked, and covered 
with mica for protection The ends of the coils are lead soldered to 
terminals insulated with mica, and the leads are insulated with glass 
tubing Outside the bath, the leads are very carefully insulated with 
paraffined glass or hard rubber This careful insulation improved 
the regulation very greatly 

The resistance A s and Rt are ordinary resistance boxes having coils 
of mangamn wire with brass blocks and plugs for contacts Since 
steadiness during a fixed setting was all that was desired, these proved 
satisfactory In regular use, the 110 volt D C supply was connected 
directly across the bridge When working above room temperature, 
the energy input from the coils m the bath (about 5 watts) was not 
objectionable, but it made it more difficult to regulate close to room 
temperature, and it may easily become serious when the attempt is 
made to go to very low temperatures 

The galvanometer 0 is a cheap D'Arsonval type of instrument 
made for student use It has an iron core held inside the circular 
coil The fields were remagnetized and the coil rewound to lessen 
the magnetic control A helical spring was put in to save the upper 
suspension and a pointer of flattened wire terminating in a short 
piece of platinum wire was attached to the coil in place of the mirror 
A good many more expensive instruments were tried out, but when 
loaded with this pointer and the auxiliary parts, their sensibility was 
invariably well below that of this rather crude instrument 

Attached to the front of the galvanometer case were the set of 
jaws represented in vertical section at a and m front view at b Both 
jaws were driven from eccentrics, so that they gripped the platinum 
pointer without displacing it vertically or disturbing it more than 
could be avoided The needle stopped the motion of the jaws till 
the eccentrics, proceeding with their motion, separated the jaws 
again. The upper edges of the lower jaws were made of platinum 
wire, so that the needle made contact between them. The latter 
were adjusted so that contact was made first at one jaw and then at 
the other, the second contact bending the flexible needle. Any 
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sparking on contact took place, therefore, at the second contact and 
the spring of the needle provided sufficient force to separate them. 
Sticking of these jaws practically never gave trouble 

Continual trouble was experienced, however, because the touching 
together of the platinum surfaces failed to make electrical contact. 
If both contact parte were scraped clean, contact would be made with¬ 
out fail for a few hours, then contact would fail with increasing fre¬ 
quency till the thermostat operation was ruined Voltages up to 
10 volts did not help and higher voltages caused too much arcing 
The force across the contact also had very little influence It is 
possible that a high frequency discharge m the neighborhood would 
have helped as with the coherer in the early wireless work At 
Professor Terry's suggestion, a three electrode vacuum bulb was set 
up and the galvanometer contact was used to put a 40 volt stopping 
potential on the grid The charge carried across the contacts is only 
that needed to charge the grid, so that the contacts do not stick from 
arcing and the 40 volts are sufficient to force the required charge 
across any contact resistance that has yet appeared. The contact 
has never been observed to fail though they have not been cleaned 
for a year at a time 

The details of the wiring are given in the diagram, Fig 2 The 
110 volt D C is connected between filament and plate, while the 
filament is heated by shunting it across part of a resistance which is 
also carrying the 110 volts. The 40 volt stopping potential is con¬ 
nected between the filament and grid, making the grid negative 
When the galvanometer circuit was opened, the charge on the grid 
took about a second to fall sufficiently to operate the relay. This 
lag was cut to unobservable size by connecting a resistance of a 
megohm between filament and gnd, and this did not increase the 
charge moving across the contacts sufficiently to affect the sticking 

The small space current of 5 to 8 milhamperes has to operate the 
relay As very large resistance can be used without affecting this 
current materially, the magnet in the relay was wound with No. 40 
enameled copper wire till the resistance was about 20,000 ohms. 
The moving part of the trip is set on knife edges and balanced care¬ 
fully, so that it operates rapidly and with great certainty. 

The relay is used to lift an iron-tipped copper link out of mercury 
while an auxiliary contact operates a pilot light For breaking large 
currents it is necessary to enclose the contacts in an atmosphere of 
coal gas. 7 The scheme of the arrangement is shown in Fig. 3 A 
small gasometer was made of two flat bottom cylindrical glass vessels 
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wid a heavy lubricating oil was used as the sealing liquid The elec¬ 
trical connections, the gas inlet, and the trip arm were all earned 
down through the oil and up inside the central vessel Coal gas was 
babbled out through the oil till the air was practically ail removed 
This cut down the arcing till 32 amperes could be broken every twenty 
seconds. The mercury did not foul or become pasty, but the whole 
interior became covered, after many hours of operation, with a gray 
coat of finely divided mercury 
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The scheme of the heater control is shown in the lower left of Fig 2 
The heater resistances in the bath were in two groups which could be 
used in senes or parallel Water cooled resistances, ammeters, and 
trip were so connected through switches that the heating current 
could be vaned from 0 1 to 65 amperes and the tnp could be used to 
interrupt the whole current or to short any desired part of the external 
resistance 

With this description in mind, one can go back and discuss the 
mode of operation of the thermostat The two jaws shown at a and 
5, Fig 2, approach and recede from each other with a close approxi¬ 
mation to simple harmonic motion. The bridge is so adjusted— 
current and galvanometer—that a rise of temperature of the nickel 
coils throws the needle to the right. When the jaws are resting on the 
needle, the stopping grid potential is on, the space current through the 
tube is stopped and the trip is up A movement of the needle to the 
right thus lessens the fraction of the 20 seconds dunng which the 
larger heating current is flowing and so allows the bath temperature 
to fall With the full sensibility on and a rather carefully adjusted 
heating current and generally steady conditions, the needle settles 
down and moves sideways only a few mm. to make the needed con¬ 
tinual adjustment Normally, dunng a run the heating current re¬ 
quirements lessen slowly, due to the gradual wanning up of insulation 
and outlying parts The needle consequently tends to dnft toward 
the right, and the necessary rheostat adjustments bad to be made 
occasionally to keep the needle near the middle of its swing. Under 




540 


ROEBUCK 


these conditions, a thermometer reading to 01° C. with rather large 
divisions gave usually no indications of change of temperature over 
hours at a time at any temperature between 25° C and 250° C., 
which latter was the upper limit of our set of fine mercurv ther¬ 
mometers In a few instances, the temperature as read on the 
mercury thermometer drifted slightly after it had had sufficient time 
to become steady Such drift was very readily offset by slight ad¬ 
justments of a slide wire included in the thermostat bridge. This 
slide wire also facilitated the precise adjustment of the bath tem¬ 
perature to any predetermined temperature In its final form, which 
covers most of the data presented here, the thermostat controlled the 
temperature of a point in the bath well within the requirements set 
by the other experimental difficulties This requirement is, of course, 
made lighter by the rapiditv with which the second thermometer T% 
follows the variations of the inlet thermometer T\ It has the effect 
of reducing the bath variations as they appear in the observed AT 
and consequently the need for smooth regulation In the latter 
part of the work and at 240° to 300° C the AT was read to 0 001° 
and the last figure has some significance as being the actual AT, 
though the experimental uncertainty in the AT, for reasons quite 
distinct from steadiness of bath temperatures, was very much greater 
than this 

To save time, the working temperature was reached by use of the 
05 amp current, giving 5 to 12° C per min rise, depending on the 
temperature On approaching the working temperature, the rate 
of rise was cut gradually to nearly zero, and the thermostat put in 
control It normally assumed its duty without any tendency to 
hunt This was usually managed by hand regulation, but if the 
voltage on the bridge was cut from 110 to 20, and the rate of rise was 
not too violent, the thermostat also took up its duty without hunting 
The lack of sensibility as shown by the chance excursions of the bath 
temperature disappeared os the applied voltage was raised At the 
same tune, this increase in voltage increased the heating in the nickel 
wire coils and hence the bath temperature shifted slightly and became 
steady at a new value 

In most thermostats, as here also, the temperature control is ac¬ 
complished by making the rate of energy input a very rapid function 
of the temperature change To meet variation m energy demand, a 
change of temperature is required, which may be made small enough, 
however, to be experimentally negligible Such high rates give very 
unstable conditions and hunting becomes very difficult to avoid. 
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The hand regulation introduces a new principle, m that it allows a 
wide range of energy input without a corresponding temperature 
shift When so supplemented, a relatively insensitive thermostat 
may be used This hand regulation may readily be made automatic 
by utilizing the inequality in the on and off penods to shift a rheostat 
in the heater circuit, to bnng them back toward equality This 
would take care of slow variations in the energy demand, while the 
on and off arrangement takes care of rapid adjustment It would be 
possible to rely entirely on this inequality for regulation, but when so 
used it would probably set up long period hunting An apparatus 
for making this automatic was designed and working drawings made 
some years ago, the desire at that time being mainly to improve the 
constancy of temperature As this end was gamed by the use of 
nickel wire and good insulation, it was not built It offers possi¬ 
bilities, however, in the control of refrigeration m the low tempera¬ 
ture range, and it may become advisable to build it 

Thermometers 

The temperature of the thermostat bath was set and followed by 
the use of two groups of mercury-in-glass thermometers. One group 
running from 0-200° C was made up of low priced bath thermometers 
The other group running from 0-250° C was made up of very fine, 
" normal M instruments All read to 0 1° C They were not de¬ 
pended upon except as indicating instruments Routine work gave 
occasional chances for comparison with the platinum thermometers 
and these mercury instruments proved unexpectedly reliable For 
work above 250° the only available indicating instrument was an 
ordinary 0-300° mercury-m-glass thermometer graduated to 1° C 
This merely reduced the convenience of control and does not affect 
the data 

The temperature measurements reported were all made on platinum 
resistance thermometers of fundamental interval of about 27 ohms 
They were inherited from the porous plug work on water* and were 
much more sensitive instruments than required for the present prob¬ 
lem Accidents happening occasionally made it impossible to take 
all the readings with one pair of thermometers and they were rebuilt 
as became necessary. The purest obtainable platinum wire, 0 05 mm 
diameter, is supported as nearly strain-free as possible on a mica 
spindle The details of the construction have been described in 
another article 1 The resistance was read by connecting them through 
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a general mercury-cup commutator to an equal arm Wheatstone 
Bridge of the regular CaDendar-Gnffiths type. The box has been de¬ 
scribed in detail in the article on water 3 The passage of the mercury 
through and over the copper cups forced the rebuilding of the coils 
and their connections. A mercury-lubricated plug connection was 
set up as described m another article 9 The cods are supported from 
the ends of the copper bars, and are made of manganm, supported 
strain-free and enclosed in separate containers with kerosene oil. 
The coils have been calibrated repeatedly since construction, and 
both errors and variations are far within the limits needed 

The galvanometer is a D’Arsonval type used with 2 5 meters 
light arm, and its sensibility at this distance is about 10^. It is 
read by a light spot on a translucent scale 

It is customary to arrange these bridges with the slide wire contact 
in the galvanometer circuit This introduces two serious difficulties! 
namely, the contacts even when made of the same metal and im¬ 
mersed in kerosene, disturb the galvanometer erratically when the 
contact is shifted, and, secondly, when the bridge is near balance a 
very shght non-conducting film will stop the current passing, simu¬ 
lating a balance This condition can be recognized, but it takes time 
and careful attention 

On the other hand, the bridge condition is just as well satisfied with 
the slide wire contact m the battery circuit. The objection to it 
has l>een that the sparking at the contact will nun the slide wire 
If the contacts are under kerosene this sparking is greatly reduced, 
and such circuits ore largely non-mductrve Small shifts may be 
made without separating the wires, and for large shifts the battery 
circuit may be broken elsewhere. This making and breaking of the 
battery circuit does not disturb the galvanometer if the bridge is in 
balance and the contact thermal e.m.fs. merely add themselves to 
the battery potential With this arrangement the light spat follows 
the slider shift almost like a direct mechanical connection, and the 
balance may be very readily obtained and kept. Tbe final balance 
is mode by reversing the battery potential 

In the use of such sensitive bridges, it is a very great convenience to 
be able to control the sensibility while making preliminary trials for 
balance. Any shunts or senes resistances in tbe galvanometer circuit 
always introduce troublesome thermals, and the necessary adjust* 
ments of the sensibility change these thermals. The desired sens!* 
bility variation may, however, be very readily accomplished by the 
use of a sliding arm rheostat to vary the potential applied to the 
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bridge by means of a group of series and shunt resistances A com* 
bination of this kind can be readily made which will control the sen¬ 
sibility so that in use the light 9pot may never be thrown off the scale. 
In this work, where many things called for more or less continuous 
attention, the time saved by this little device was very important 
The fundamental intervals of the thermometers were determined in 
the usual steam and ice baths Check determinations at different 
times agree to 0 01% The sulphur boiling point gave 1 49 for the 
delta of the wire 

Compressor 

The compressor is a two-stage water lubricated machine of 30 ft 1 
/mm. calculated capacity, and of 120 r p m speed It was exceedingly 
badly designed and as badly constructed It has been continually 
repaired and rebuilt with a regular improvement in its steadiness of 
deliver}. This erratic variation in the delivery has been a source 
of constant difficulty m the pressure regulation The details of the 
compressor history are too rich and varied to be attempted here 
The output of air at high pressure passed through coils of copper 
tubing immersed in water for cooling, through a trap to separate the 
liquid water which was fed in for lubrication, and finally over solid 
stick potassium hydrate or sodium hydrate to take out the water vapor 
and the carbon dioxide The same purifier is used for the liquid air 
work and the clearness of the liquid air, as well as freedom of the valve 
from clogging, shows that this purification is reasonably effective. 
The substitution of castor oil for the mineral oil used to lubricate the 
piston rod packing abolished the appearance of oil m the liquefier 

Pressure Regulation—Barostat 

The control of pressure is a very vital element in this work Not 
only is it necessary for the pressure to lie steady in order to measure 
it satisfactorily, but variation of pressure results in corresponding 
variation of temperature throughout the mass of the gas, even that 
which has passed the temperature equalizing coils and is immediately 
around the inlet thermometer. Small pressure changes are thus 
recorded very rapidly on the inlet thermometer and on die differential 
reading Shifts in bath temperature of similar magnitude show much 
more slowly on the inlet thermometer and still more slowly on the dif¬ 
ferential reading It is not at all difficult to estimate the performance 
of the pressure regulator by observing the movements of the gal¬ 
vanometer in the thermometer bridge circuit 



550 ROEBUCK 

Moreover, such a sudden shift of pressure changes the heat con¬ 
tent of the material in the plug chamber, which has then to be restored 
by the air flow This much slower adjustment is likely to be only 
partly completed when the pressure shifts in the reverse direction 
and the adjustment must begin over again Practically all the ex¬ 
perimenters since Joule’s time have referred to the difficulty from slow 
drifts The matter may be well illustrated by reference to the points 
taken early in the work for the 50° curve of Fig. 8, as compared with 
those of the 25° curve taken lately The major difference is due to 
the pressure regulation 

The pressure of a moving fluid may be controlled in one of two ways, 
i e, by controlling the supply or by wasting an excess. The former 
was used very successfully in the work on water* already referred to. 
Naturally it was tried out determinedly here, but has been abandoned 
because of (1) the difficulty of speed control of a 25 H P motor, 
(2) the small effect of speed changes on the delivery, due probably to 
incomplete filling of the first stage cylinder, (3) the capacity m the 
stages introducing a large lag, so that these regulators hunted vio¬ 
lently. A reasonably steady compressor might have made some of 
these arrangements usable 

The method used in taking all the data recorded here used a spill 
valve to waste the excess compressed air while the compressor was 
run as steadily as possible 

Fig. 4 represents, in a diagrammatic way, the arrangement used. 
ab is a steel cylinder which is entered through a leather packing by a 
steel cylindrical shaft cd The lower section of this shaft where it 
enters the stuffing box is of hard steel, ground and polished to a very 
true cylinder, close to J^-mch in diameter The cylinder ab is con¬ 
nected through a heavy steel tube to another cylinder, the two 
serving as a U tube to hold mercury which transmits the pressure 
entering at e to the castor oil above the mercury in ab. If the air was 
allowed to come directly in contact with the piston, the stuffing box 
lacked lubrication and had to be kept much tighter to prevent the 
air escaping than to prevent the oil The air under die high pressure 
dissolves sufficiently m the oil to spray it all through the system when 
the pressure is reduced. A tube leading through a valve to an oil 
reservoir F, allowed the mercury levels to be equalized when there 
was no pressure on the system 

The shaft cd is kept rotating slowly by a belt driven from a cylin¬ 
drical pulley, so that the belt produces very little axial force on the 
piston and it is only necessary that what axial force there is should 
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remain constant The piston cd u loaded by carrying a tank of 
galvanized iron hung on a vertical shaft through a ball bearing and 



gimbals, so that the load of sand does not rotate and its center of 
gravity is continually in the axis of the shaft. The tank is kept from 
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rotating by an arm g carrying a wheel set between vertical rails. 
The cylinder and shaft were set carefully vertical The whole is 
supported by a pair of pillars held between ceiling and floor, which 
also supports the electrical control mechanism represented in the 
upper left of the figure 

A contact block of graphite, A, carried by the load tank is connected 
by a hanging wire to one terminal of the 20 volt* D.C motor The 
two pieces of copper AA against which A slides are separated by a 
piece of porcelain, and are each connected through a battery to the 
second armature terminal The field of the motor is separately 
excited so that when A touches the upper strip A, the motor operates 
so as to open the valve i by the worm gear and conversely, when A 
touches the lower strip. The two strips kk are carried on a frame 
suspended between vertical guides and supported by a cord which in 
some cases was wound directly on the shaft of the valve t, more 
generally it went through a multiplying arrangement by which the 
proportion between shift of kk and rotation of the valve could be 
changed. 

Suppose the delivery of the compressor is too large cd rises, 
carrying A into contact with the upper strip A. This operates the 
motor bo as to open the valve t and to wind up the cord raising the 
copper strips till the contact A goes back on the procelain, con tersely, 
if the compressor deli very is too small That is, each vertical position 
of the piston cd corresponds to a particular opening of the valve ?, 
and therefore a certain amount of waste of compressed air If the 
pressure is raised slowly, the piston rises slowly till an equilibrium 
state is reached and floats at the level required to waste the excess of 
air being pumped If, however, the pressure is raised rapidly near 
the equilibrium pressure, then the lag of the control, due mainly to 
the inertia of the load, allows tbe pressure to rise much above the 
equilibrium pressure, the piston rises to the limit of its path and the 
waste valve opens to the limit set for it. The waste is therefore large 
and the pressure falls again rapidly, the piston falls to the lower end 
of its path and the cycle is repeated indefinitely. It is necessary, 
therefore, in order to get steady conditions, to approach the equi¬ 
librium slowly This is arranged very readily by using an auxiliary 
spill valve M to waste almost sufficient to take care of the excess when 
dose to the equilibrium pressure. A Utile practice allows one to get 
a steady pressure in a few minutes and this is maintained unless some 
large abrupt change practically reproduces the initial conditions. 

At the high pressure it is difficult to get the waste valve t adjusted 
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to waste little enough A very small opening allows a very large 
quantity of air at 200 atmospheres to escape To reduce the effect 
oi this too rapid opening, the valve L was placed in senes with the 
valve t and a gauge was connected with the space between This 
arrangement gave complete and ready control of the amount wasted 
through t 

The condition of violent hunting described above arose with all of 
the arrangements tried, but if the irregulanty to be smoothed out 
was not too large, and the regulator was put m control of only a 
fraction of the flow sufficient to cover these irregularities and the 
equihbnum state was set up by some manual assistance, then the 
piston moved slowly back and forth as required by the irregularities 
of delivery of the compressor and the pressure regulation become 
reasonably good It was greatly improved by the changes in the 
compressor noted above and also by floating on the line four carbon 
dioxide cylinders The effect of tins volume capacity was to reduce 
the pressure variation of a given change in the pump delivery, and 
so lengthen the period as well as lessen the amplitude of the hunting 
These improvements made possible the reading of the temperature 
difference as shown later to 0 001° C When it is considered tliat a 
1% variation in the pressure at 250° C would lead to an adiabatic 
change of temperature of the air of 1 5° C, it is evident that the 
pressure variation must have been very slow and very small 

Some considerations advanced by W Trinka 10 made it appear prob¬ 
able that increasing the stability of the moving piston would improve 
the regulation A number of screen-door coiled springs were stretched 
between the load and the supports above Hence, as the piston rose, 
the tension on tbe springs lessened and the pressure had to increase 
to support the load One of these sprinp was found sufficient to 
decrease the vertical excursions till they were hardly observable At 
the same time, the period fell to 15 to 25 seconds without the four 
cylinder capacity on the line This made possible the observation 
with the thermometers of sufficient of these cycles to fix the average 
position of balance with great certainty* The only data taken with 
this arrangement is that for the 25° C curve of Fig* 8 These are the 
most consistent data yet obtained, and both from this and from the 
ease of control, this appears much the best arrangement yet fried. 

With regard to this pressure regulator, it may be noted (1) the 
sensitivity, that is, the ratio of shift of position to shift of pressure, 
may be set anywhere desired between nearly infinite to values lower 
than ever desired. On account of the inertia of the bad, the pressure 
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shifts during the shift of the regulator, but this persists only during 
the shift and in the absence of the springs every vertical position of 
the piston has the same balancing pressure (within the limits of 
constancy of piston cross section) (2) The energy required to operate 
the control is drawn almost exclusively from an outside source (3) Its 
setting is very steady, that is, what can be called its aero variation is 
very small It is of the same order of magnitude as for the rotating 
piston used to measure the pressure* Consequently, no continual 
attempt was made to check the steadiness of the pressure by measuring 
it Experience has shown that if the piston is holding steady m 
vertical position, the pressure variation from hour to hour is too small 
to be measured by any of the ordinary pressure measuring devices 
save, perhaps, a mercury column (4) It has a large time lag (5) It 
requires a considerable shift in the pressure to shift the piston and 
load quickly, so that it is not well adapted 1o take care of large and 
rapid variation in delivery The necessity for keeping the load within 
manageable dimensions restricts the cross section of the steel piston, 
which limits the obvious way of improving the control over large 
rapid variations by increasing the volume displacement 

Measurement of Pressure—Manometer 

On account of a series of difficulties, spring gauges are not reliable 
for careful work, although they are very convenient indicating in¬ 
struments Two 3000 lb. Schaffer and Budenberg test gauges of 
10" and 12" diameter were connected to the low and high pressure 
spaces during the last part of the work* During most of the work the 
12" gauge could be connected through valves to either high or low 
pressure In addition a gauge reading to 50 pounds could be con¬ 
nected to the low pressure so that the difference from atmospheric 
could be followed closely While the gauge readings were recorded, 
as a rule, none are reported They were used only as indicating in¬ 
struments to maintain continuous and thorough control over the 
situation 

Die instrument used for measuring the pressure is a modified 
"dead weight tester,” u * u or free-piston manometer* It was 
described in detail 14 in an earlier article* Very briefly, it consists of 
two vertical pistons on the same shaft, one entering a cylinder above 
and the other one below The larger pressure was admitted to the 
lower cylinder and the lower pressure to the upper cylinder and the 
difference counterpoised by suitable weights. The pistons were 
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rotated slowly while the load did not rotate The pressure is trans¬ 
mitted through mercury to castor oil in each cylinder The pistons 
and connected parts were counterpoised by a weight carrying an iron 
cylinder which dipped in mercury and served to give the system an 
equilibrium position It was always read by adjusting the weights 
till the pointer set itself at this zero position 

One change was made from the form described in 1913 Then the 
rotating pistons were driven by cords passing over a grooved pulley 
on the pistons and over cylinders set parallel with the piston axis. 
It required frequent adjustment to keep these axes parallel on account 
of the stretching of the driving cords due to the spring tension 
Mr Burnett pointed out that if the cylinder were on the piston axis 
and the grooved pulleys in the place of the cylinders, that this adjust¬ 
ment would be continuous and automatic There was just room 
enough to make the change The zero of the cylinders has not shifted 
since 

The set of weights used were calibrated as described m the previous 
article by comparing with the State of Wisconsin sub-standards 
The diameter of the piston is taken as the value obtained at that time 
which gave a check to about 0 1 per cent when both this instrument 
and the open tube mercury manometer were used to measure a 
pressure of about 34 atmospheres Most of the readings are of the 
difference of pressure across the plug, but the high pressure was also 
read by opening the upper cylinder to the atmosphere These high 
pressure readings require, therefore, an addition of one atmosphere 
to give the actual pressure This addition has been made m the data 
reported here 

Flow Meter 

The AT measured does not depend directly on the amount of air 
passing the plug Possible corrections, however, do depend upon it 
and control of the experiments is greatly facilitated by such informa¬ 
tion. A steel block was bored out, tapenng both ways to a 
diameter throat from the 1" diameter steel tube in which it was 
mounted and which carried the air from the interchanger back to the 
compressor Small holes were bored through the wall at the throat 
and at the normal size A ring about the tube at each place served 
as collector to carry the pressure to a U tube containing water This 
meter was calibrated against a good wet gas meter It was observed, 
late in the work, that the zero shifted slightly when the compressor 
was running, even if no air was passing through the apparatus, so 
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that very small readings are particularly unreliable* No particular 
attention was given to its study, as it appeared quite secondary to 
the main problem 

Plug 

The plug used throughout is the radial flow tvpe whose desirable 
features were described by Burnett and Roebuck* 16 and used later by 
Roebuck,® by Trueblood, 16 by Hoxton, 1 and by Burnett * This plug 
is a round ended tube of porous porcelain whose length is several 
times its diameter Those used were 7H” long, 1% N outside di¬ 
ameter, and either 1" or \ y± inside diameter The edge and about 
^ 2 " of the side at the open end were scored in a few places with a file, 
then rubbed with graphite and a smooth layer of copper half a milli¬ 
meter thick, plated on the graphite The copper was lead soldered 
into a steel collar which was held m place by a hollow nut against a 
lead or copper gasket This allowed of ready interchange of plugs 
and gave no observable trouble from leakage. 

The general theory of such a porous plug has been discussed by the 
authors cited above* In this special case, the external surface can 
exchange heat only with the fibrous filling of the chamber or with the 
approaching air This fibrous packing blocks radiation, being opaque 
to the effective wave-lengths, and stops convection for even the slow 
flows, while it makes a trifling addition to the exchange by conduction. 
The air passing through the plug near its base is led away directly 
without approaching the thermometer, thus protecting the thermom¬ 
eter from conduction gam from the plug supports For the major 
part of the work presented here, the temperature inside the plug is 
lower than that outside The directions of the heat flow and of the 
air flow are therefore alike Since the drop m pressure is accompanied 
by a proportionate increase in volume (adiabatic), and the same 
amount of air must pass every cross section of the flow, it follows that 
the major part of the pressure drop occurs near the inner surface of 
the plug wall. If the plug and air had absolutely no heat conductivity, 
the temperature distribution could be determined from the properties 
of the air, and the temperature gradient would be much greater near 
the inner surface The effect of the conductivity of the air and the 
procelam will be to move heat forward in the direction of flow. The 
oncoming air thus drops in temperature faster than called for bv its 
expansion, and its thermal capacity at each point supplies heat for 
forward conductivity This limits the fall m temperature of the 
outer wall which, on account of the smaller pressure gradient in the 
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outer layers, is thus less than might be expected Hie disturbance, 
by the conductivity, of the air-fixed gradient will therefore depend on 
the heat capacity of the air passing through, being least with the large 
flows 

The outer surface of the plug is consequently at a lower temperature 
than either the walls of the enclosure or the fibrous packing or the 
approaching air The temperature gradient in the plug wall may 
therefore be expected to extend out into the fibrous material Here 
the heat flow is not parallel to the gas flow because the gas flow has a 
component directed toward the base of the plug The lesult is that 
heat is transferred across the gas stream, the air entering near the 
top of the phig acquiring heat at the expense of that entering later 
The very poor conductivitv of the fibrous packing and the support 
of the temperature by the heat capacity of the passing air will reduce 
the temperature gradient rapidly as distance from the plug surface 
increases. The limit of the guard ring thus appears to be a com¬ 
promise between guarding against heat gains from the plug support 
and loss of heat from air being used to aiT being discarded Ob¬ 
viously, only a small portion of the air should go through the guard 
ring; 1/6 to 1/7 was adopted, but allowance must be made for possible 
uncertainty in the permeability of the wall 

The permeability of the plugs has offered considerable difficulty 
The usual fine grained unglazed porcelain is much too permeable for 
pressures like those used here The earlier work was all done with 
plugs whose permeability had been reduced by precipitating barium 
sulphate from solution right in the wall Unfortunately, tins crystal¬ 
line precipitate blows out steadily and repeated fillings lead to very 
erratic performance by the plug, the blowing out probably tending to 
increase relatively any lade of homogeneity It was found possible 
to use a wash with sodium silicate solution to fasten the crystalline 
precipitate in place, as on drying the sodium silicate goes to a glass 
The sodium silicate solution itself made a fairly satisfactory filling 
material Plugs so filled change their permeability only slowly 
During this work, arrangements* were made for obtaining a set of 
plugs of suitable range of permeability by burning at a series of tem¬ 
peratures These have been used for some of the readings and since 
the permeability is permanent and the most uniform obtainable over 
the surface, they offer by all means the best solution of the plug dif¬ 
ficulty. I have to thank the Rumford Fund of the American Academy 


* Montgomery Porcelain Products Company, Franklin, Ohio 
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for the means for obtaining these plugs, as well as Mr Montgomery 
for his interest and care 

Inside of the plug and extending over about 2/3 of its outside total 
length is a flow guide (see Fig 1) This is a steel or brass tube tapered 
on the outside so that the cross section of flow is about proportional 
to the quantity of air flowing The return passage around the ther¬ 
mometer has the some cross section, and the air is forced to follow a 
spiral path by a strip of metal This arrangement of cross section 
assures the same velocity at all points, thus excluding temperature 
differences due to variation m velocity* The flow guide is held in 
place and made tight at the contact with the procelam at the lower 
end of the guide, by packing silky asbestos fibre into the ring cut out 
of the metal as indicated in the drawing 

The return flow guide was used in the work with water already 
cited 8 The conditions were much more definite than with the air, 
since the temperature difference was controlled almost entirely by the 
pressure difference* The evidence there was unmistakable that the 
flow guide made the observed temperature difference much less de¬ 
pendent on the rate of flow and other chance circumstances beside 
raising it several per cent so as to give a very much closer check with 
the expected value The discussion above is in close agreement with 
this experimental result If the plug be used without any flow guide 
inside, the flow of air within the plug is smallest close to the rounded 
top and increases steadily from point to point down the plug The 
air which stays longest in the thermometer zone and has most effect 
therefore in fixing the thermometer temperature is the air which has 
been subjected to the greatest gam of heat, while the air which has 
lost most heat (speaking only of exchange between different parts of 
the flow) does not pass near enough to the thermometer to influence 
its reading The Af read is consequently too small 

If, however, the return flow guide be used, almost all of the air 
passes along the whole length of the thermometer under conditions of 
considerable turbulence, and hence this error largely disappears 
Two experiments on this point were quite conclusive In the first, 
use was made of a valve built into the steel forging which carries the 
plug It gives passage to the air from the base of the chamber housing 
the plug to the passage through which the air escapes from the inside 
of the plug It was intended to be used to keep the air-flow through 
the apparatus constant by being opened to offset the retardation 
produced by raising P% This would simphfy both the pressure and 
the temperature regulation by maintaining a constant load The A T 
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was read with this by-pass valve open and the compressor delivery 
high but only a small proportion going through the plug Then this 
by-pass valve was closed and one outside the bath entirely was used 
to waste the same amount The AT now measured was greater by 
possibly 10 per cent Here, of course, the conditions are extreme 
This by-pass was consequently never used 

In the second of the experiments, a piece of cord was wound around 
the plug in a steep spiral A cylinder of paper was bound on gently 
over this The spiral at the lower end of the plug was closed by 
bringing the turns of the cord together The space outside the paper 
cylinder was filled as usual with cotton With this a reading was 
made of AT The spiral was then rearranged to make the block in 
the flow fall at the level of the division of the flow inside the plug 
AT was read again with this arrangement, with other conditions the 
some, and the value of AT is materially larger. 

Plug Chamber 

As a result of a number of experiments, it appeared to be substan¬ 
tially indifferent whether the air passed through guides outside the 
plug dividing it at the level of the division inside, or whether the flow 
space about the plug was filled with cotton wadding and the air al¬ 
lowed to choose its own distribution of flow In all the experiments 
it is moving slowly enough on the high pressure side within this large 
chamber that no great turbulence is present and the flow is probably 
stream line In Fig, 5 are given the data for a pair of experiments 
where the two senes of points were taken under these two conditions 
and the rate of flow differed materially also The lowest point of the 
second series is obviously an error; the rest of the points all fall on the 
curve almost within the error of plotting In consequence, the data 
here presented were all taken with the space about the plug filled 
with loose cotton or long fiber silky asbestos 

A number of experiments were earned out to determine the dif¬ 
ference in the AT with this cotton insulation present or absent 
Fig 6 gives one case where the two sets of points fall mdistm- 
gmah&bly on one curve This was for a large flow with a maximum 
pressure drop of only 29 atmospheres giving a temperature difference 
of 5,5°, while the maximum flow was 8.1 L/sec. This gives a rel¬ 
atively small heat gain to distribute through considerable heat 
capacity and the resulting effect on the temperature is not observable 
Abo it should be noted this is true for the whole curve. The curvature 
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is not great, go that in a first approximation the temperature difference 
can be taken as proportional to the pressure difference. As the lower 
pressure is raised, the pressure difference becomes smaller and the 
flow falls off, but not as fast as the pressure difference. In conse¬ 
quence, the relation of the heat gain to the heat capacity passing 
should result in smaller percentage errors for the smaller A2\ 



The test for an equilibrium condition is that it may be reached 
from both sides. This second temperature set up by the flowing air 
should therefore be tbe same whether approached from a higher or a 
lower temperature This was tested repeatedly and in different 
ways The set of points forming a curve were determined twice, 
once with falling and once with rising Pt, as in Fig. 7, Curve A, points 
O, where the two sets of points all fall on one curve At another 
tune, the order of taking the points was made erratic without any 
apparent result on the curve Again, the point being determined 
was approached from both sides without any observable difference. 
This last test served the important practical purpose of peeving that 
the air had been permitted to flow long enough so that the plug in¬ 
terior and its contents had been effectively brought to tbe temperature 
of the expanded air The ordinary proceeding is to follow the AT 
till it becomes stationary but a lingering doubt often remains <a* to 
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whether a slow drift will not carry the observed AT to a value different 
enough to be of account. This is answered effectively by approaching 
the value of AT from both sides. 



Kinetic Energy Effects 

Some observers question whether a considerable fraction of the 
fall m temperature observed in experiments Idee these may not be due 
to turbulence which at the time of passing the thermometer has not 
become fine grained enough to register as heatr If this should be the 
case, the observed drop of temperature would depend on the time 
taken for the gas to pass from the plug to the thermometer. The 
fact that the data reported here are independent of rate of flow rules 
out this hypothesis of fine persistent turbulence. It u quite potable. 
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however, that some of the irregularities observed with an occasional 
plug might have been due to a chance pore being much larger than 
the average and so giving a streak of violent turbulence winch per¬ 
sisted in too large part till past the thermometer. This possibility 
was tested in one case by comparing the A T when the end of the flow 
guide in the rounded end of the plug was filled with a small wad of 
cotton, and when not so filled The AT 's were closely alike Had 
there been any material gross turbulence present, tins cotton would 
certainly have diminished it greatly Its absence in this case and the 
general agreement of different plugs makes its presence generally 
as a material factor very improbable 

The question of the effect on AT of the different velocities of flow 
past the two thermometers has proved a very difficult one, although 
only of moment where Pa is less than 10 atm It is, of course, not 
difficult to calculate the linear velocity of the air pa9t each thermom¬ 
eter, since the neetssary data are readily obtained But the linear 
velocity gives no clue to the turbulence of the gross kind which simi¬ 
larly lacks effect on the temperature of the stationary thermometer 
This appears quite unamenable to calculation The velocity past the 
first thermometer is in all cases too small to affect the temperature 
appreciably and the same is undoubtedly true of the turbulence 
The real problem renters about the conditions surrounding the second 
thermometer 

The question was attacked from the experimental side in a number 
of wa\s In the preliminary work, where the effort was at first to 
obtain consistent results, the low pressure Pa was set at close to 
atmospheric That is, the air was allowed to escape from the plug 
interior with only the rise above atmospheric pressure necessary to 
force it through the passages Under these conditions, the velocity 
past the second thermometer was the largest obtainable and was 
dependent directly on the quantity of air passing the plug, that is, 
on the latter's permeability On account of this high velocity, the 
AT was sensitive to variations m the rate of flow which, not being at 
first realised, led to much work. When it was realised, the effort 
to compare individual AT’a was abandoned, and the regular senes of 
points for each case was taken and the curves compared This led 
quickly to very consistent comparisons and to the conclusion that 
the low end of the curve is its most uncertain region. It is evident 
also that it is only the low end of the curve about which there is any 
uncertainty from this cause. 

Since the kinetic energy of the air and the turbulence vary some- 
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P 

TABLE I 

t 

Flow 

No, 

(atm) 

°C 

L/m 

A 1 

4 20 

19 59 

8 1 

2 

6 59 

20 27 

7 9 

3 

9 21 

20 89 

7 5 

4 

12.87 

21 69 

6 8 

6 

15 84 

22 35 

0 0 

0 

19 93 

23 22 

4 9 

7 

23 27 

23 93 

3 9 

8 

23 34 

23 92 

3 7 

9 

25 89 

24 43 

3 5 

10 

10 33 

23 00 

5 0 

11 

10 30 

22 46 

5 8 

12 

29 07 

25 04 


B 1 

4 21 

10 64 

5 1 

2 

3 20 

19 33 

5 1 

3 

8 91 

20 76 

5 0 

4 

15 65 

22 27 

4 5 

5 

29 07 

25 04 


C 1 

4 19 

19 04 

5 1 

2 

21 73 

23 08 

3 8 

3 

14 28 

21 94 

4 0 

4 

29 07 

25 04 


D 1 

18 07 

22 80 

9 7 

2 

23 76 

24 05 

5 8 

3 

29 07 

25 05 


E 1 

3 95 

19 00 

7 7 

2 

8 36 

20 70 

7 4 

3 

12 53 

21 02 

6 7 

4 

17 00 

22 72 

5 7 

5 

23 12 

23 87 

4 2 

6 

29 07 

25 04 


F 1 

4 20 

19 82 

4 3 

2 

2 97 

19 45 

4 3 

3 

0 43 

20 35 

4 1 

4 

9 52 

21 04 

3 8 

5 

18 04 

22 84 


G 1 

4 19 

19 84 

3 5 

2 

3 32 

19 02 

3 5 

3 

2 85 

19 47 

3 5 

4 

5,72 

20 21 



Plug 

No 

I 


1 

2 


2 


3 

4 


1 


1 
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TABLE I —Continued. 



P 

t 

Flow 

Plug 

No 

(atm) 

°C 

L/min 

No. 

5 

7 28 

20 80 

3 4 


6 

12 21 

21 58 

3 4 


7 

14 32 

22 04 





Fig 7 
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what similarly, it was next attempted to plot a series of curves for 
decreasing velocities of flow, expecting that as the kinetic energy 
falls with the square of the velocity, the slower flows would have a 
negligible kinetic energy effect on the A T and the curves would become 
coincident In Fig 7, Curve A is a set of points distinguished ac¬ 
cording to the legend there The data are given in Table 1. They 
were taken with four different plugs over which the flow varied by 
more than a factor of two The plot is to a large temperature scale 
and the divergence of the experimental points from the curve is m 
only one case 0 1° and all the others le9» than 0 05 The point at 4 
atmospheres was taken in all four runs and they fall so close together 
that only two of them are plotted—and this in spite of the twofold 
variation of velocity of flow. 

At the low pressure end of curve A the kinetic energy corrections 
for the directed velocity were calculated and this gave the slightly 
raised line diverging from the original curve at 10-12 atmospheres 
The corrected curve loses the sharp bend down and now maintains 
about the same curvature 

Curve B is curve A transferred down one degree on the scale 
Anot&ferset of values of T and P were measured using the values at 
the point II as the initial conditions and one of the plugs used in 
taking curve A The effect of this decrease of the initial pressure 
operating across the same permeability is to decrease the rate of flow 
On account of the increase of volume resulting from this decrease of 
lmtial pressure, the mass flow falls off much more than proportional 
to the decrease of pressure drop Hence the velocity inside the plug 
falls off sharply and the kinetic energy correction decreases with the 
square of the velocity The temperature difference across the plug 
decreased nearly in proportion to the decrease m the pressure drop, 
and if the flow did so also, the effect on AT of the heat gains would 
remain the same and the kinetic energy effect could be estimated. But 
since the flow falls off more rapidly, one cannot distinguish the decrease 
of kinetic energy effect and the increasing effect of heat gains The 
third curve was measured using the point III B as the initial point 
and the points are distinguished by appropriate symbols The en¬ 
velope so drawn falls a little bit higher than the corrected branch of A . 
How much of the difference is due to heat guns, making B high, 
and how much to neglecting turbulence in A , it is impossible to esti¬ 
mate. It is hardly possible, however, that the effect of the turbulence 
is equal to that of the directed flow, so that the correction remaining 
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is smaller than the correction just made. This is confirmed by the 
trend of the envelope B where the directed velocity correction is 
negligible except for the lowest three pointB 
In another experiment the cross section of flow past the second 
thermometer was about ]4, filled with a metal strip and the divergence 
from smooth curvature at the lower end compared with a curve taken 
without this filling The correction for the filled c£fce is about twice 
the other Another comparison, where the passage around the ther¬ 
mometer was about twice the cross section, shows the corresponding 
variation in the correction. Both of these observations show that the 
turbulence is not far from proportional to the other factor, and the 
other facts above show that it is not very large 
Since the correction is as uncertain as a simple extrapolation of the 
curve, the correction for the lowest 10 atmospheres has not been 
computed The correction is necessary only in a very small part of 
the field covered and will have to be determined by a lot of careful 
experimental work By keeping the same length of plug and in¬ 
creasing the cross-section, the velocity can be reduced while the flow 
per unit area of surface is not changed, and this can be used to separate 
the effect of velocity of flow and of heat gams. While the question 
is interesting and important, it has had to be left incompletely solved 
in this paper 


Heat Leaks 

The most important teat leak is that to the air between the ther¬ 
mometers. With a uniform bath temperature and air which has 
reached that temperature, the magnitude of this leak will be largely 
determined by the AT Bet up across the plug With a given AT, the 
effect of this leak on the observed AT will be inversely proportional 
to the heat capacity in the passing air. With sufficiently large flows 
the effect on AT may be quite negligible But as the flow is decreased 
with the same AT a condition must finally anse where the beat gain 
error will reach undesirable proportions. Some of the preliminary 
experiments showed such errors amounting to 3 to 4% with unpro¬ 
tected plugs, and give ground for the belief that with the flow! and 
protection finally used these errors are below 1%. 

The question was investigated by taking coding curves. The air 
was kept flowing till T% became Bteady, when AP was reduced rapidly 
to aero, and the variation of T% with time followed for half an hour. 
The expansion of the air in the system produced a sharp fall in T% 



THE JOTJLE-THOMS0N EFFECT IN AIR 


667 


and T\ which was recovered from quickly The plot of 7* against 
time gave a good logarithmic curve The constant for the curve and 
the estimated heat capacities involved were used to calculate the rate 
of input of heat during normal use, and this input distributed over 
the heat capacity, 54 cal /min , going through, gives about a 2% cor¬ 
rection This is a large flow but on the other hand the heat gains 
for no flow must be much larger than for a flow, as interpreted by the 
thermometer Probably the mam path for heat to get to the ther¬ 
mometer in the no-flow state is along the thermometer case During 
flow the heat coming in along this case is largely, if not entirely, caught 
up by the passing air and carried out again This would mean that 
the 2% correction above is a maximum not often approached in the 
experiments This agrees with the observations reported where the 
observed A5T is independent of the rate of flow 
All this discussion serves to emphasize the principal condition which 
must be satisfied by data of this kind It must be proved to be in¬ 
dependent of the rate of flow of gas A change of plug is the most 
effective way of varying the flow and also serves to exclude the effect 
of irregularity m the plugs Shift of the initial conditions will serve 
somewhat less satisfactorily to shift the relation of rate of flow and 
drop of temperature In the published work preceding this, such a 
condition has never been seriously considered Tins situation should 
change and in the future all such data should be subject to this most 
obvious and most fundamental test 
The procedure m an experiment mav be outlined as follows With 
the whole apparatus in place, the temperature is raised as rapidly as 
possible to close to that desired Time is saved if the final step to 
this temperature is made slowly so that the thermostat may be put 
into service and take up its duty smoothly The heating current 
required gradually falls off for some time as the insulation warms up 
When the major part of the rapid change is past so that the temper¬ 
ature control becomes satisfactory, the compressor is started and the 
pressure raised to that desired By operating different waste valves, 
the flow may be gradually established, accompanied by the necessary 
but gradual increase in the heating, without disturbing the thermostat 
balance materially Pi and T i are read and the adjustments made 
for reading A P and AT Conditions are held as steady as possible 
till A P and AT have been steady for four or five minutes when the 
settings are recorded along with the flow reading 
The lower pressure is then changed by manipulating the valve in 
the outflow from the plug and the heating current shifted to match 
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With experience, this con be done without upsetting the pressure or 
temperature balance. Af, A P, and flow are again read after they 
become steady And so on for the rest of the points. The difference 
of resistance of the thermometers when they are both at the initial 
temperature is always measured by immersing both thermometers 
directly in the bath fluid, and always checks closely with the calculated 
values 


Experimental Results 

The data for the main group of experiments are given in Tables II 
to IX The data in each table are grouped m runs, distinguished by 
the letters The lost reading of the temperature and the pressure in 
each rim is the temperature of the bath and the initial pressure, re¬ 
spectively. The air flow expressed in liters per minute measured at 


TABLE II 



P 

t 


No 

(atm) 

°C 

L/nun 

A 1 

84 8 

8 83 

8 6 

2 

98 9 

11 42 

7 7 

3 

113 9 

13 74 

7 2 

4 

127 9 

15 81 


5 

142 4 

17 75 


6 

154 9 

19 30 


7 

167 8 

20 79 


6 

215 2 

25 19 


B 1 

2 0 

—10 01 

7 2 

2 

13 1 

— 6 97 

7 2 

3 

28 1 

— 3 11 


4 

41 7 

+ 0 14 


6 

56 8 

3 31 


6 

60 0 

6 04 


7 

84 6 

9 02 


8 

99 9 

11 68 


9 

114 1 

13 92 


10 

129 4 

16 15 


11 

142 8 

17 90 


12 

154 4 

19 40 


13 

168 5 

20 93 


14 

181 7 

22 31 


15 

216 2 

25 20 



Plug No 


14 


18 
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TABLE III. 




P 

t 


Plug 

No 

(atm) 

°C 

L/nun. 

No 

A1 

149 1 

44 42 

5 7 

4 

2 

108 8 

40 32 

4 9 


3 

184 7 

47 69 

4 0 


4 

215 9 

50 10 



B1 

123 3 

41 90 

6 1 

3 

2 

180 1 

47 50 



3 

197 8 

48 89 

4 1 


4 

215 9 

50 10 



Cl 

55 3 

31 47 

6 8 

4 

2 

84 0 

30 10 

6 1 


3 

113 7 

40 30 

6 2 


4 

140 1 

43 42 

3 9 


5 

141 0 

43 51 

4 1 


0 

180 3 

47 40 



D1 

1 9 

20 08 

5 9 

4 

2 

13 1 

23 28 

5 8 


3 

35 2 

27 84 

5 5 


4 

£0 3 

31 80 

6 2 


£ 

84 5 

30 41 

4 3 


0 

123 1 

41 28 

2 8 


7 

160 0 

45 34 



El 

1 3 

20 47 

3 5 

10 

2 

0 7 

21 66 

3 3 


3 

21 1 

24 07 

2 9 


4 

34 7 

27 52 

2 1 

10 

0 

43 2 

29 12 

8 3 

7 

0 

51 1 

30 05 



FI 

1 9 

20 95 


10 

2 

12 9 

23 25 



3 

28 1 

26 38 



4 

42 3 

29 13 



6 

55 7 

31 45 



0 

76 0 

34 93 





TABLE IV 




P 

t 


Plug 

No. 

(atm) 

•c. 

L/xmn. 

No 

A1 

97 1 

65 61 

7 2 

8 

2 

133 2 

09 24 

59 
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TABLE IV —Continued 



P 

t 


Plug 

No 

(atm) 

°C 

L/mm 

No 

A3 

149 8 

70 69 

5 6 


4 

178 3 

72 88 

4 3 


5 

193 3 

73 83 

3 6 


6 

215 7 

75 25 



B 1 

20 5 

53 96 

9 2 

2 

2 

44 3 

57 93 

8 8 


3 

70 7 

61 77 

8,2 


4 

107 0 

66 21 

7 0 


6 

215 7 

75 25 



Cl 

28 7 

55 66 

7 7 

4 

2 

57 4 

60 15 

7 6 


3 

85 0 

63 79 

7 3 


4 

122 3 

67 95 

6 3 


5 

100 3 

71 25 

4 9 


0 

215 8 

75 25 



D1 

1 6 

51 02 

5 8 

4 

2 

8 0 

52 28 

5 8 


3 

24 3 

55 08 

5 6 


4 

63 9 

61 04 

5 0 


5 

92 8 

64 86 

4 2 


6 

115 4 

67 46 

3 5 


7 

156 0 

71 20 



El 

1 8 

51 18 


10 

2 

13 2 

53 24 



3 

27 9 

55 65 



4 

41 2 

57 86 



6 

55 9 

59 72 



6 

76 0 

62 60 





TABLE V. 




P 

t 


Plug 

No 

(atm) 

°C 

L/min. 

No 

A1 

28 4 

84 92 

9 2 

2 

2 

63 1 

89 12 

8 7 


3 

106 0 

93 43 

7 1 


4 

140 2 

96% 

5 6 


5 

165 7 

97 97 

4 2 


6 

197 3 

99 65 

3 1 


7 

215 7 

100 8 
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TABLE V —Continued 



P 

t 


No, 

(atm) 

•c. 

L/min 

B1 

89 9 

92 15 

6 9 

2 

120 2 

95 16 

6 0 

3 

162 2 

97 75 

4 7 

4 

215 7 

100 37 


Cl 

1 6 

81 21 

2 5 

2 

6 2 

81 96 

2 6 

3 

12 9 

82 92 

2 7 

4 

20 4 

83 95 

2 7 

5 

34 8 

85 82 

2 6 

0 

55 6 

88 27 

2 2 

7 

76 8 

90 46 

1 6 

8 

109 4 

93 82 


D1 

1 8 

80 90 

5 9 

2 

13 1 

82 74 

6 0 

3 

28 4 

84 83 

5 5 

4 

41 8 

86 57 

4 8 

6 

55 8 

88 25 

3 8 

6 

76 0 

90 35 




TABLE VI 



P 

t 


No. 

(atm) 

•c 

L/mm. 

A 1 

1 1 

137 52 

4 1 

2 

13 0 

138 83 

4 1 

3 

28 8 

140 25 

4 0 

4 

49 4 

142 01 

3 9 

5 

69 5 

143 58 


6 

90 9 

145 05 

3 6 

7 

114 4 

146 50 

3 2 

8 

137 1 

147 72 

2 9 

9 

155 1 

148 54 

2 9 

10 

176 9 

149 45 

2 8 

11 

187 6 

149 84 

2 7 

12 

215 1 

150 71 


B 1 

78 9 

144 28 

8 6 

2 

112 5 

146 86 

7 5 

8 

142 5 

147 94 

6 2 

4 

106 8 

149.00 

5 1 

5 

215 1 

150.71 



Plug 

No. 

4 


10 


Plug 

No 

4 
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TABLE VI —Continued 



P 

t 


No 

(atm) 

°C 

L/min 

Cl 

1 ft 

137 42 

5 7 

2 

0 6 

137 96 

5 6 

3 

20 0 

139 26 

5 5 

4 

34 6 

140 60 

5 0 

5 

61 0 

142 06 

3 9 

6 

70 0 

143 97 




TABLE VII 



P 

t 


No 

(atm) 

°C 

L/min 

A 1 

120 0 

200 81 

6 9 

2 

146 5 

201 66 

5 8 

3 

162 2 

201 94 

5 0 

4 

177 2 

202 19 

4 2 

5 

189 2 

202 34 

3 3 

6 

216 4 

202 96 


B 1 

1 8 

195 89 

4 6 

2 

13 2 

196 62 


3 

27 9 

197 43 

4 6 

4 

61 3 

198 57 

4 4 

5 

92 1 

200 18 

4 1 

6 

146 9 

201 6/ 

3 5 

7 

216 4 

202 96 


Cl 

2 2 

196 79 

6 9 

2 

4 0 

196 02 

6 9 

3 

7 1 

196 26 

6 8 

4 

14 1 

196 70 

6 6 

5 

28 0 

197 47 

5 2 

6 

52 0 

198 57 




TABLE VIII 



P 

t 


No 

(atm) 

°C, 

L/min, 

A 1 

1 9 

249 54 

6 0 

2 

11 9 

249 97 


3 

29 6 

250 54 

4 8 

4 

49 0 

251 12 

4 7 

6 

71 2 

251 65 

4 6 

6 

107 9 

252 29 

4 1 


Plug 

No 

10 


Plug 

No 

4 


9 


4 


Plug 

No. 

9 
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TABLE VIII —Continued 




P 

t 


Plug 

No 

(atm) 

°C 

L/mm 

No 

A 7 

143 1 

252 66 

3 5 


8 

175 5 

252 85 

3 1 


9 

191 6 

252 82 

2 9 


10 

215 4 

253 17 



B1 

19 9 

250 03 

9 5 

4 

2 

57 0 

251 18 

8 8 


3 

91 9 

251 99 

7 8 


4 

130 9 

252 61 

6 3 


5 

100 8 

252 83 

5 0 


6 

197 6 

252 79 

3 5 


7 

161 9 

252 83 

4 8 


8 

215 4 

253 17 



Cl 

2 3 

249 45 

6 5 

10 

2 

7 0 

249 99 

6 5 


3 

14 0 

250 23 

6 3 


4 

24 5 

250 60 

5 4 


5 

52 0 

251 18 





TABLE IX 




P 

t 


Plug 

No 

(atm) 

°C 

L/mm. 

No 

A1 

84 1 

282 65 


4 

2 

119 1 

282 95 



3 

145 9 

282 98 



4 

183 2 

282 83 



5 

197 2 

282 53 



6 

205 5 

282 35 



7 

215 4 

282 76 



B1 

2 2 

281 83 


9 

2 

39 8 

281 87 



3 

68 5 

282 51 



4 

106 4 

282 89 



5 

215 4 

282 76 




atmospheric temperature and pressure, is given In the fourth column 
while the last column gives the serial number of the plug used to get 
the data. The data and curves are referred to for convenience by 
the bath temperature used at the highest initial pressure. 
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This data is plotted in Fig 8 As far as possible the different 
points of the different runs are distinguished by different plotting 
symbols, and the different symbols fall equally well on the curves. 
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excluding therefore any effect on the data due to rate of How or par¬ 
ticular plug The curves are plotted with breaks in the temperature 
scale so that a larger scale may be used m order to emphasize the 
&lope and curvature The curves are drawn to zero pressure with a 
steady curvature disregarding a few low pressure points which fall 
below the curves 

The data were taken m the order from low to high temperature 
except that the early 25° data had to be discarded, so that the 25° 
curve shown was measured last. It will be observed, both here and 
in Fig 12, that the regularity of the data improves in this same order 
which is due partly to improvements m the compressor, giving steadier 
delivery, and to improvements in the pressure regulator, both leading 
to steadier pressure 

Consideration of the curves shows that with rising temperature they 
grow rapidly less steep and also decrease somewhat m curvature The 
slope (A T/Ap)k = fi is the Joule-Thomson coefficient, and it is con¬ 
sequently a marked function of both temperature and pressure The 
effect of temperature is so marked that it has been observed by all 
workers, but the effect of pressure has been more in doubt *• 18 


Locus of Maxima, 



(A ~ 0 


From the form of all the curves, it appears that this slope must go 
to zero at sufficiently high pressure on any one curve or at sufficiently 
high temperature at any pressure Originally it was intended to 
limit the work to 250° C , and to 100 atmospheres above 200° But 
when it appeared that the maxima were withm experimental reach, 
the range was increased somewhat The two upper curves show 
the maximum, and the locus of these maxima therefore cuts across 
the upper right hand corner of Fig 8. The location of the maximum 
on curves showing so little curvature is a matter of considerable dif¬ 
ficulty. The graphical treatment can be unproved by increasing the 
temperature scale, but only profitably to a limit set by the consistency 
of the data Since the experimental conditions were so very steady 
it was decided to get these points by special experiments 
The values of P and T for maximum were estimated from these 
curves and Pi and T\ for a curve chosen from a point a few atmospheres 
to the right of this maximum Using a very permeable plug so that 
the flow was large for a small pressure drop, a senes of P% and ft’s 
were taken where T% covered the maximum The estimates were 
near enough that all but one of the four points were obtained on the 
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first try The curves formed by plotting the observed AT against 
Ap are given in Fig 9, from which the pressure for the maximum 
(marked with a cross) may be read The corresponding temperature 
is calculated from the bath temperature and the AT The bath was 
pushed up to 300° C which is quite close enough to 327° C , the melt- 



Fio 9. 


ing point of pure lead, which was used to make several joints tight. 
It will be observed that the curves are consistent to a few thousandths 

of a degree and P _ may be located to about one atmosphere. This 

shows a remarkably steady state, especially in view of another factor 
to be discussed later 

The four values so obtained for the shift of the maximum are plotted 




Tax JOULE-'THOMSON EFFECT IN AIR. 


577 


as small circles in Fig 10, while the crosses are from the curves of 
Fig S It is evident that while the accidental errors m an individual 
experiment are very low, the systematic errors from one experiment 
to another are very much larger Hie circle at 283° has much the 
slowest flow, so that the other three circles are probably more reliable 
It should be observed, however, that these four special experiments 
were done onl\ once and without any precautions to show that the 
results did not depend on the rate of flow 



The curve of Fig. 10 may be calculated from most equations of 
state and the comparison of the results with experimental data serves 
as a peculiarly sensitive test of the equation. Porter 17 and others 1 * 
have carried out such computations for Van der Waals’ and Dietenct's 
equations. Fig 11 is reproduced here from Noell’s article, 1 * with the 
data from Fig 10 added as circles To these are added the points 
lately reported by Knoblauch 1 * at —140° C. at 125 atm. and at 
—133® C. at ISO atm These two groups of points may be con¬ 
nected by a continuous curve somewhat after the manner shown 
Both calculated curves are very far from die experimental facts. 
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Although Dietenci’s equation generally gives better correspondence 
with the properties of the gas, it is the farther off in tins case. Noefl’s 
extrapolation from his experimental data is also a long way off, which 
is not surprising m view of the extent of the extrapolation and the 
uncertainty of the original data If the extrapolation in Fig 11 is 
to be trusted, the whole curve is within experimental reach. 



Somewhat similar data have been obtained by 01zewslri M who 
measured an integrated zero-cooling effect for hydrogen at — 80° C. 
and under a drop from about 113 to 1 atmosphere, but hydrogen 
liquefier performance raises some question as to its correctness 
Jenltin and Pye* observed zero slope for liquid CO* for one curve 
where the observed curves are straight lines 
The most closely related data, however, are hi Olscwski's** work 
on the “ inversion temperature ” for air In his earlier work, hy¬ 
drogen at a high pressure was allowed to expand through a valve into 
a space at 1 atmosphere An exposed platinum thermometer coil 
was suspended in the space, and the approaching gas and the space 
were maintained at the working temperature. Air was apparently 
treated essentially the same way, except to replace the platinum 
thermometer by thermocouples Hie temperature and pressure 
were adjusted till the opposed thermocouples in hath and air gave no 
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deflection, the sensibility being perhaps 0.1° C. In terms of the curves 
of Fig. 8, if chords be drawn parallel to the pressure axis from the 1 
atmosphere point, they will cut the curve again at some higher pres¬ 
sure. What he observed is therefore the zero value of the integral, 

Tt — Ti — ^ yjdp *= 0 where (i * /(p, T) 

This is a different thing from that discussed above, namely 
(HT/Ap)k = 0 His values for P as related to T are reproduced as 
Table X. From the curves of Fig 8, the horizontal chord at 283° C. 


p 

TABLE X 

Air 

T 

160 


+269 

100 


249 

90 


244 

80 


240 

70 


235 

60 


226 

40 


198 

20 


124 


would cut the curve again at about 260 atmospheres The chord at 
300° C. cuts the curve again about 180 atmospheres. From the work 
presented here, it would appear that Obewski’s values of the tem¬ 
perature for P = 160 atm is at least 50° too low. 

Moreover, it is evident from the curves of Fig. 8 that as P is re¬ 
duced, the temperature at which the horizontal chord runs from 1 atm 
to p atmospheres is higher, not lower as he reports (compare Dalton**) 
The form of the whole group of curves makes this necessary and any 
question of minor errors hardly enters the case 

There are many doubtful points in the experimental arrangements 
housed. The air escaping from the jet gathers very great velocity and 
cools itself in proportion. In consequence, it picks up considerable 
heat from the metal of the valve itself and the wails of the box, so 
that when the kinetic energy has gone back through gross turbulence 
to heat, the enthalpy (« + ps) of the gas has increased and the tem¬ 
perature is higher then, it should be for the interpretation he puts 
upon tt. This would require that some cooling effect should be left 
to offset the heat gam and maintain the initial and final temperatures 
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alike The observed temperatures for his zero effect would therefore 
be too low, as seems to be the case 
There is no means of assuring oneself that this kinetic energy has 
gone entirely back to heat at the time it is in contact with the measur- 
mg thermocouple and it seems very doubtful whether it has. If the 
gas gained no kinetic energy in the valve, the temperature of the ex¬ 
panding gas would first rise and then fall, so that it would be difficult 
to estimate whether it would gam or lose heat to the valve. The 
kinetic energy effect is doubtless the dominant source of difficulty, 
though one would enjoy some experunental proof that the gas actually 
reached the bath temperature, and as to the bath’s uniformity of 
temperature. 


Uniformity of Bath Temperature 

If the group of curves of Fig 8 are examined, it will be noted that 
the initial point determined, of course, by the inlet thermometer, 
falls on the smooth curve up to Ti » 75°. At 100° it is about 0.2° 
low At 150° about 03° above, about 0 4° at 200°, about 0 5° at 
250° and about 0 6° at 283° C. The low end of the curve is sepa¬ 
rately determined by an experiment with Pi and T\ set at values 
picked from the curve already drawn These low end curves for 160°, 
200°, and 250° showed the same irregularity, that is, the points all 
fell below the smooth curve already drawn when the initial point was 
put on this curve This points to an error in comparing the readings 
of the thermometers when both are at the same temperature A 
number of leads were tried but no experimental work gave any clue 
till a very porous plug was used, one so porous that the pressure drop 
is practically zero. This showed a AT too large by about 0 7° to 
0 8°, which is of the right sign and size to put die low end curves for 
200° and 250° on the previous curves This correction is dependent 
to not more than 0.08° on the rate of flow but does depend on it. So 
that it is evident that the temperature of the air changes between the 
thermometers. At these temperatures the input of energy required 
to hold the bath at constant temperature ran up to about two kilo¬ 
watts. It is all put m from the heating coils, Fig. 2, located at one 
part of the circulation. As an approximation, it was assumed the 
heat was all added at one point in the circulation, and the rise in 
temperature calculated If the oil circulates once per second, this 
gave about 0 5° C It circulates fast, but the period is probably 
nearer 5-10 seconds In consequence, the air coming from the upper 
part of the bath is probably above the temperature of the oil about 
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the plug chamber. The whole base of the apparatus has to be heated 
from the oil, so the base is necessarily below the temperature of the 
oil. That is to say, the air will give up heat to the walls of the plug 
chamber and the observed AT will be too large This agrees exactly 
with the observation and there is no reasonable doubt but it is the true 
explanation. 

Up to 100° or even 150° its effect on the data is negligible. Also the 
small influence of rate of flow makes it an almost negligible correction 
for the other curves except possibly that at 283° The same holds for 
the special experiments for fixing the maxima 

This difficulty can be minimized in future work above room tem¬ 
perature, by placing the heating coils on the exterior of the sides and 
ends of the apparatus, and on the air lead from the interchanger 
This latter should be used to bring the air temperature close to that 
of the bath The interior coils having very small lag should be used 
for the control 

There should be pointed out here the definite advantages which 
this method of obtaining (jl, through the lsenthalpic curves, has over 
the differential method used by Joule and Thomson and most of the 
succeeding workers. This differential method requires that the pres¬ 
sure difference employed be small and consequently also the tem¬ 
perature difference will be small Any errors in the thermometer 
zeros, or change of temperature of the air between the thermometers, 
comes in as a first order effect and is magnified relatively by the small 
AT employed. On the other hand, in the isenthaipic curve method, 
only one temperature difference among those used depends upon the 
inlet thermometer. Consequently the effect on pu of any errors in the 
difference of resistance of the thermometers when both are at the 
working temperature, does not enter materially in the results Also 
if the air gains or loses beat between the thermometers, the total 
temperature difference so produced does not enter jjl, but only its 
variation between successive readings From the experimental point 
of view, these are very material advantages The isenthaipic curves 
themselves contain valuable information and while they may be 
built up by integrating p (cf. Davis as reported by Keenan* 4 ), the 
resulting curves cannot be given the certainty of the directly deter¬ 
mined curves 

* Joule-Thomson Coefficient p.. 

The values of p. may be obtained from this data in a variety of ways. 
It is necessary always in the reduction of data covering a considerable 
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field, to introduce arbitrary smoothing somewhere, It was desired 
to make its introduction and arbitrariness as obvious and reasonable 
as possible If one uses graphical methods to get the slopes from the 
curves, the effect of the process on the results is very difficult to 
estimate If equations be written for the curves and the derivatives 
taken for the slopes, the smoothing is done in part in fitting the equa¬ 
tions to the experimental points, and since the slope is the more sen¬ 
sitive function, further smoothing is necessary to make (x consistent 
over the field The best procedure appeared to be to calculate [x 
from successive differences of the numerical data and to draw a set 
of consistent curves, [x against P , one for each lsenthalp This also 
allowed of working into the result a lot of fragmentary data, quite 
reliable but, for various reasons, not suitable for plotting isenthalpic 
curves This was done to a large scale and the figure is reproduced 
here as Fig 12 The curves were first drawn in as indicated by the 
points alone These were then shifted slightly as shown to be 
advisable b> the cross plotting described lielow, but these small 
adjustments have still left the curves a fair representation of the 
data 

It will be noted immediately that beginning with the 60° curve, 
proceeding down the figure, the consistency of the data improves 
steadily, with the 25° curve probably the best Attention should be 
called to the fact that this successive difference treatment is a very 
severe test for experimental data If the values of [x along a curve lie 
used to draw the original isenthalpic curve, it is reproduced usually 
within the width of the line on the large drawing. The value of (i 
falls rapidly with both nse of pressure and rise of temperature Also 
the curvature as well as the slope of these curves decreases steadily 
with rising temperature The same condition holds for these as for 
the original curves, so that they are also isenthalps 

The curves are carried directly to the zero pressure with steady 
slope A number of the points between zero and 10 atmospheres 
fall well above the curve and are to be attributed probably to kinetic 
energy effects Grmdley's work w with steam indicates that (t keeps 
its regular value to }4 atm Gases below 1 or 2 atm obey Boyle’s 
law very closely, that is, the change of pt with p approaches zero, 
and hence the contribution of the external work to the temperature 
change here considered disappears. Depending on the law of force 
between the molecules, the contribution of the mtennolecalar work 
may produce a greater or less fall of temperature on expansion. Any 
internal molecular contribution is probably very small So that there 
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appears no obvious reason for expecting these curves to change their 
direction suddenly at low pressures 



The carves of Fig 12 were next changed to isopies tics by picking 
off the values of p for a set of pressures—1,20,60,100,140,180, and 
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220 atm —and from the original curves picking the temperature cor¬ 
responding to the p and p These values of p and T are plotted in 
Fig 13, and smooth curves—isopiestica—then drawn through the 
points. The points fall with one or two exceptions (the 100° curve) 
readily on smooth curves within the error of plotting These two 



groups of data are really independent, so that this excellent fitting of 
the data into this second set of curves adds confirmation at least to 
the consistency of the data 

The curvature and slope of the isopiestica of Fig 13 fall off rapidly 
with rising pressure, till the 220 atm isopiestic is almost straight. 
The values of p for a group of integral values of p and i were then 
picked off and are tabulated in Table XI. 
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TABLE XI 

n Afl a Function or T and p 


Press 

0°C 

25 

50 

75 

1 

2663 

2269 

1887 

1581 

20 

2494 

2116 

1777 

1490 

60 

2143 

1815 

1527 

1275 

100 

1782 

1517 

1283 

1073 

140 

1445 

1237 

1047 

0875 

180 

1125 

0974 

0833 

0800 

220 

0812 

0718 

0627 

0542 


100 

150 

200 

250 

280 

1327 

0927 

0625 

•0402 

0297 

1244 

0856 

0564 

0346 

0246 

1057 

0708 

0447 

0251 

0161 

0890 

0587 

0347 

0164 

0078 

0723 

0467 

0258 

0093 

0011 

0578 

0366 

0185 

0027 

— 0054 

0452 

0286 

0127 

— 0020 

— 0110 



These isopiestics were next replotted, now however aa p against the 
reciprocal of the absolute temperature, and this is reproduced in 
Fig 14. The 100 atm isopiestic is a straight line and the other curves 
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are convex toward it. The curvature of the 1 atm line is very small, 
so that the equation proposed by Roee-Innes,’’ by Keyes,” and by 
Buckingham” make good approximations at 1 atmosphere. The 
curvature increases however quite markedly at the higher pressures. 

Specific Heat. 

The original isenthalpic curves of Fig 8 are characterised by the 
condition that A <■ (« + pv )—the intrinsic plus the pressure volume 
energy—is a constant. If heat energy be added at constant pressure 
to the gas at a point on one curve to carry it to a point on the next 
curve, then 

/ T, 

C'dl - CAT* 

T i 

The value of C' changes very slowly with pressure, so that for not 
too large temperature changes, C may be set as the average value of 
C’ for the interval and will approximate very closely to the actual 
value of C' at (Ti + Hence, between a given pair of isen- 

thalpics 

Ci A t JT 
C, " Ai T 

Hence, if the specific heat C be known at one pressure over the range 
m temperature, this relation may lie used to calculate it over the 
pressure range covered by the curves. 

To use this relation required a long numerical calculation, which 
may be summarized as follows The values of T at 10 atm. intervals 
along the curves of Fig 8 were calculated, using the values of the 
slopes picked off the large scale plot (Fig 12), the values being cal* 
culated in two series, one each way from a point about the middle of 
the curves of Fig 8 From these the values of A T between each pair 
of curves were obtained, as also the average value of T for each Af 
The ratio of the A 7 at 1 atm. to the other AT’s between the same pair 
of isenthalps, give the factors by which 0 for 1 atm. is to be multi¬ 
plied. These factors were then plotted and smoothed, the maximum 
uncertainty being about 1%, but averaging Oil to 0 3%. From these 
curves were read off the factors used to multiply the C at 1 atm. of 
Table XH to fill the following columns these values for C at 1 atm. 
are taken from the Rejchsanstalt Tabellen”. _ 

•Since C» is not mentioned, C w used here for Cp, 
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C ab a Function or T and p 


Press 

0*C 

26 

60 

75 

100 

150 

200 

250 

280 

1 

2406 

2410 

2415 

2419 

2424 

2434 

2443 

.2453 

2458 

20 

2492 

.2487 

2480 

2475 

.2470 

2466 

.2463 

2468 

2471 

60 

2656 

2627 

2603 

2581 

2562 

2532 

2612 

.2500 

2492 

100 

2804 

.2760 

2717 

2681 

2650 

2602 

2565 

2530 

2519 

140 


2873 

2816 

2767 

2725 

2658 

2607 

2566 

2544 

180 


.2960 

2898 

2840 

2700 

2707 

2644 

2596 

.2569 

220 


3020 

2966 

2893 

2838 

2748 

2678 

2622 

2593 


C shows a uniform increase with pressure over the range covered 
but the increase falls rapidly, so that probably it would reverse at 
still higher temperatures* At one atmosphere C increases with tem¬ 
perature, but at 20 atm there is a minimum at about 200° C and at 
the higher pressures C decreases with rising temperature The 
values at 0° C. at the higher pressures could not be obtained without 
a marked extrapolation and are not recorded 
The Reichsanatalt* 6 publishes an equation for the variation of the 
average C (between 20® and 100° C ) with pressure This equation 
was used to calculate recorded m Table XIII, while the factors 


TABLE XIII 

Comparison op C’n at 60° C 


Press 

1 

20 

60 

100 

140 

180 

220 

Factor 

1*0 

1 025 

1 0725 

1 118 

1 157 

1 189 

1 2125 

C 

0 2419 

0 2480 

0 2595 

0 2705 

0 2799 

0 2876 

0 2933 

C* 

0 2419 

0 2473 

0 2590 

0 2699 

0 2805 

0 2884 

0 2950 

Diff % 0 

+0 28 

+0 19 

-0 22 

—0 21 

—0 28 

—0 59 


and € were calculated as in Table XII, using 0 2419 as the value at 1 
atmosphere for both C’s. The two values of C show increases with 
increasing pressure, but Ceo increases more slowly than C at low 
pressures and more rapidly at high pressures, till about 0 6% dif¬ 
ferent. The agreement is about what could be expected. 

The Product, pC 

The valuefe of p. of Table XI and of C of Table XII were combined 
to give Table XIV where pC is tabulated as a function of T and p, 
since this product is useful for many calculations. The value yXt 
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falls with rising pressure as well as with rising temperature, being con¬ 
trolled by the larger variation in (i 

TABLE XIV 


Press 



















Atm 

0 

°C 

26 

50 

75 

100 

150 

200 

250 

280 

1 

6 

404 

5 

404 

4 

557 

3 

825 

3 

216 

2 

256 

1 

527 

0 

986 

0 

730 

20 

6 

216 

6 

261 

4 

407 

3 

688 

3 

073 

2 

111 

1 

368 

0 

854 

0 

008 

60 

5 

091 

4 

768 

3 

975 

3 

291 

2 

708 

1 

785 

1 

123 

0 

027 

0 

404 

100 

4 

997 

4 

188 

3 

462 

2 

877 

2 

359 

1 

627 

0 

890 

0 

416 

0 

196 

140 



3 

564 

2 

949 

2 

421 

1 

970 

1 

241 

0 

673 

0 

239 

0 

028 

180 



2 

883 

2 

414 

2 

272 

1 

612 

0 

991 

0 

489 

0 

070 

—0 

138 

220 



2 

169 

1 

853 

1 

518 

1 

293 

0 

786 

0 

340 

—0 

052 

—0 

286 


The Absolute Temperature of the Ice Point 

The fundamental thermodynamic equation for the porous plug 
experiment, namely 

>° mT (s)r' (A > 

may be readily rewritten* 4 as 

where T is in the absolute scale For the present purpose, we have 
T — To** 100 and t *= «o(l + a 100) both by definition. 

F A plot of uC for 1 atm between 0° and 100 s C. shows it to be so 
nearlv a straight line that the difference produces less than 1% in the 
integral That is, we may write 

P-Ajr + fl 

and therefore (B) may be written 

< c > 

From Equation C it is evident that the large term on the right is a 
correction term, since To is approximately equal to 1/a This com* 
plicated term for air at 1 atm comes out as leas than 1% of To, so 
that tiie even value 273 may be used for To, 

1/eg — 1.293 g/L at 0 s C. and 76 cm. 
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and its value must be adjusted by Boyle’s Law to suit the pressure 
under which a is measured The values of the integral are not materially 
different at these slightly different pressures The values so obtained 
for To are given m Table 15 


TABLE XV 


100a 

i/« 

p(mm) 

Olfcerver 14 

r. 

0 30730 

272 26 

1000 

Chappuis 

273 18 

0 36732 

272 24 

1002 

(i 

273 16 

0 36708 

272 12 

760 

Eumorfopouloa 

273 12 


Average 273 15 


The value used by Griffiths 29 is 273 10 and by Henning 28 273 09 
Buckingham picks 273 13 from the data then (1907) available and 
Keyes 22 (1920) 273 14 Some of the available data is collected m 
Table XVI for comparison here Since Keyes’ summary the beauti¬ 
fully consistent work of Henning and Heuse 85 has appeared It 
should be weighted heavily in comparison with previous work, and 
the probable value of T 0 may be set at 273 1 7 =b 0 02 


TABLE XVI 


Observer Air 

H 

N 

He CO, 

Method 

Date 

Bcrthclot* 273 19 

273 05 


27310 

J-T data 

1907 

Buckingham* 4 273 27 273 06 

273 25 

273 12 

it 

1907 

Buckingham” 273 27 

273 05 

273.29 

273 27 

ii 

1908 

Hoxton 1 273 35 




<i 

1916 

Roebuck 27315 




ii 

1925 

Berthelot 

273 07 

273 09 

273 12 

a 0 (x p for p=-0 

1907 

Henning and* 






Heuse 

273 17 

273 18 

273 22 

ii 

1921 


In connection with the present work, it is of interest to note that 
Hoxton’s correction is undoubtedly too large as discussed below 
Buckingham's value from air is also high on account of Joule- 
Thomson’s data being somewhat higher than that in the present 
paper, Berthelot’s value from air (J-T basis) is much lower than 
the other workers have obtained from the same data All these 
values have been based on Chappuis’ value for the average coefficient 
It should be emphasised that not sufficient attention has been 
pud to the absorption of gas (cf. Keyes 21 ) on and in the wall of the 
container. It is a simple matter to vary the ratio of volume to ex¬ 
posed surface and extrapolate to aero surface, aa well as to free the 
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surface layers from all other gases The effect of variation in the 
absorption between 0° and 100° C will enter differently in the two 
methods To assume its effects zero in the p 0 method is hardly 
justified, though it might be expected to be of less importance In 
a comparison of the two methods, this is hardly an advantage, as its 
effect must be followed to low pressures In consideration of the 
greater ease of measuring the coefficient at ordinary pressures, and 
the small accuracy required of the Joule-Thomson data, this method 
would seem to be preferable The meagerness and uncertainty of the 
available Joule-Thomson data have been much against it, though it 
now appears as if uncertainty in the coefficient has had a somewhat 
equal effect on the results 

Coefficient of Expansion 

With Tq — 273 15 as determined above, the equation C may be 
rewritten as 


] 


273 15 


1 + 


273 15 X 373 

100 Vo 




1 r. . 4213 X 10*7 1 
273 15 L "** ®o J 


D 

27315 


and used for calculating a, the average coefficient between 0° C and 
100 s C , os a function of the pressure The integral I and specific 
volume Vo (Witkowski’a data 10 ) are both functions of the pressure 
These values are collected in Table XVII with the resulting values 
for a The fractional part of the factor D is calculated from this 
data and should be trustworthy to about 1% The uncertainty in s 
from this cause only is listed under E The way that the integral 
of (iC enters the coefficient makes it a very advantageous means for 
determining a especially for its smaller values, though even at 100 
atm, the advantage still amounts to a factor of 5 


TABLE XVII 




Coefficient 

of Expansion. 



p 

VO 

/ P X10» 

D 

B% 

*X10» 

a 

X 

s 

•.xw 

0 

00 


1 0 


3 6610 



1 

773 4 

4 725 

1 0025 

0 003 

3 6704 


3 666 

20 

38 28 

4 568 

i 0503 

005 

3 845 

3 83 

3 833 

60 

12 54 

3 869 

1 1300 

0 1 

4 137 

4 18 

4 133 

100 

7 49 

3 571 

1 2009 

0 2 

4 397 

4 41 

4 434 



THE JOULE-THOMSGN EFFECT IN AIR 


581 


For comparison the values of a determined by Witkowslu 90 are 
given under &i, and by Holhorn and Schulze 90 under ocs 

Other Work on \l for air 

For comparison, Table XVIII gives the previous data over the 
range of temperature 0M00° C at one atmosphere It will be noted 
that Hoxton’s data arc largest, followed in order by Joule-Thomson, 
Noell, and the author 


TABLE XVIII 

n from Different Observers* 


<°c 

J-T 

Noell 

Hoxton 

Roebuck 

0 

0 276 

0 278 

0 303 

0 266 

50 

0 204 

0 185 

0 226 

0 180 

100 

0 147 

0 125 

0 170 

0 133 


Hoxton’s* data are quite materially higher In connection with 
this, it might be pointed out 

(1) That the inlet thermometer m Hoxton's set up is some distance 
from the plug chamber which gives opportunity for heat transfer to 
or from the air after it has passed the first thermometer The ve¬ 
locity of flow of the air and the opportunity for its temperature 
equalization with the bath were such that this difficulty was probably 
not of a magnitude to account for the shift of his curves off the zero 
or for his uniformly large values 

(2) That the carrying of the whole air flow down to the base of 
the plug by the use of the radiation shield is undoubtedly the mam 
cause of the difficulty The plug supports are subject to a continual 
withdrawal of heat by the expanded and cooled escaping air, so that 
the region about the base of the plug is certain to be somewhat below 
the bath temperature, and the air, m passing it, loses heat Changes 
in the rate of flow affect the expanded air, as well as the approaching 
air, so that beside the shift of the line off the zero there should also 
be a shift of slope The author’s experience has been that the AT 
observed is rather surprisingly sensitive to the treatment of the air 
in the plug chamber. On the basis of this experience, Hoxton’s ar¬ 
rangement seems quite sufficient to account for the difficulty 

(3) That uncertainty in the zeros of the thermometers, especially 
for his very small observed AT, may also account for part of the 
trouble Reading the differential zero with one thermometer inside 
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the plug, while the other was inside the inlet tube, places the two 
thermometers under radically different conditions for equalizing 
with the bath, both as to the mam temperature equilibrium and as to 
the dissipation of the current heating, 

Hoxton's work was greatly superior to preceding work in his careful 
temperature and pressure regulation, and careful temperature meas¬ 
urement In the light of my experience, it waB unfortunate for his 
objective that in limiting his problem he chose the much more dif¬ 
ficult low pressure part of the field 

Joule and Thomson worked under such different conditions of 
temperature and pressure regulation, as well as measurement, especi¬ 
ally of temperature, that comparison of their pioneer work with work 
done now is difficult and seems unfair Outside of these consider¬ 
ations, it was unfortunate that they did not measure the temperature 
of the air which was entering the plug One can point out a good 
many probable sources of error, and it is a great tribute to Joule's 
experimental genius that his data were correct enough to hold the 
field for so long 

Noell’s 18 work was done under modem conditions, but takes less 
advantage from it than would be expected The regulation of both 
temperature and pressure appears to have been entirely manual and 
m view of the persistent drifts regularly encountered, this would 
explain part of the large irregularity in the data The author’s wh$kf 
experience shows that it is almost impossible to get consistent data 
without the finest regulation, particularly of the pressure. A slowly 
nsing pressure, for example, adds heat to the air between the ther¬ 
mometers, so cutting down the observed temperature difference, and 
if this drift of pressure is steady the AT is steady A temperature 
drift acts similarly, the second thermometer lagging behind the first 
on account of the heat capacity between them, and if this dnft in the 
bath temperature is steady, the observed AT is also steady. Before 
a steady AT can be interpreted as therefore the AT desired, it must be 
known independently that the initial pressure and bath temperature 
are steady to the limit required by their effect on AT. For example, 
the AT in my work was regularly read to 0 01° C and the bath tem¬ 
perature was held steady over long intervals to 0 r 01 to 0.02° C.— 
which is certainly withm the requirement The requirement in the 
pressure regulation is much more severe experimentally, so that even 
with the best regulation attained in my work, it was still easily 
possible to observe the effect of pressure variations actually present, 
in the rise and fall of AT. The best which could be done has been to 
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make this cyclic variation rapid so that a good average could be taken. 
The pressure variations in question cannot be observed with certainty 
on a good test gauge, so that they are quite a different order of mag¬ 
nitude from those present under hand regulation guided by spring 
gauge indications Under these latter conditions, it will be quite 
impossible to tell when the AT is free from the effect of pressure 
variation The phenomenon is made still more complex by the AT 
being the difference in two temperatures read m connecting chambers, 
m both of which the pressure must be constant while the second cham¬ 
ber always lags behind the first m pressure changes, as also in tem¬ 
perature changes When the employed A T is mode small, as m 
Noell's work, the effect on p of these pressure and temperature vari¬ 
ations is exaggerated, so that a large variation is to be expected 

The heat leak conditions around the plug are open to strong ob¬ 
jection The conditions of the experiment require that there shall 
be a temperature gradient between high and low pressure surfaces of 
the plug His plug is a wad of asbestos compressed in a steel tube. 
The air in passing across the asbestos will spread over its whole cross 
section, the flow being limited all around by the steel tube ThiB 
tube will doubtless have a temperature gradient, but that it will be 
the same as the air flow is hardly possible The air will probably 
gain heat from the metal wall, whose temperature is supported some¬ 
what by the flow in the annular space outside. From the diagram it 
appears as if all of this contaminated air must pass the thermometer, 
though the text indicates that the double wall of insulator is to divide 
the flow. It would be better still if the inner insulating tube ran 
right through the plug and so kept the flows really separated Noell 
seems to be concerned only with beat conducted parallel to the di¬ 
rection of flow, though such conductivity cannot affect the A T once a 
steady state has been set up 

For comparison, Fig. 15 gives Noell's data plotted with crosses 
and circles to keep the senes distinct and help relate the points to the 
companion curve Noell’s curves representing his equations are 
plotted as dashed lines, and the author's curves as solid lines 

It will be observed first that his curves and points fall together very 
imperfectly Any one series of points could be represented very much 
better by a line drawn through than, but the set of such lines vanes 
so irregularly in both position and direction that they cannot be 
fitted into any orderly system The particular system chosen to 
represent such points is therefore very arbitrary. As a matter of 
fact, the author’s curves represent the points almost as well as Noell's, 
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This chaotic irregularity is very strong evidence of experimental un¬ 
certainty, such as might be expected to result from uncertainty in 
pressure and temperature regulation, (hi the other hand, the regu¬ 
larity of any one series and the agreement of single points indicate 
rather systematic than chaotic errors, such as might arise from heat 
leaks 



Conclusion. 

The data in this paper cover the readily available temperatures 
above that of the room A bath liquid above 300° C is a serious 
problem. It also covers the available and useful pressure range. It 
would be interesting to extend both these ranges to fill in the inversion 
curve points But the more profitable field appears to be the lpw 
temperature range, and these measurements will be extended as 
quickly as available tune, and to aa low a temperature aa the available 
facilities allow. These facilities include a carbon dwxide ice machine 
and a compressor which may be used for an ethylene cycle, so that 
it is hoped to get well down into the liquid-vapor region. 
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Meanwhile, there are also quite a number of related facts which 
may be extracted from the above data, such as the correction to the 
Kelvin scale, the volume temperature coefficient of expansion, the 
free expansion effect, and so forth Such computations will be 
carried out and extended to the new data as they become available. 

It gives me pleasure to acknowledge a grant from the Rumford 
Fund of the American Academy for the purchase of porcelain plugs, 
some of which were used in this work. 

Physical Laboratory, 

University of Wisconsin 
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RECORDS OF MEETINGS. 


Om thiwmnd on* bandied and thirty-third meeting 

October 8, 1924— Stated Meeting 

The Academy met at its House at eight P. M 
The President in the Chair 

There were present fifty-three Fellows and Associates and sixteen 
guests 

The Records of the Annual Meeting, of May 14, were read and 
approved 

The following letters were presented by the Corresponding Secre¬ 
tary from E G Boring, Ingersoll Bowditch, E A Boyden, J B 
Conant, C A DeCourcy, Raymond Dodge, C L Edgar, W E 
Fernald, W C Graustein, Paul Heymans, S J Holmes, J A Miller, 
E W Taylor, and C H Van Tyne, accepting Fellowship .from Albert 
Einstein, accepting Foreign Honorary Membership, and from E H 
Abbot, F N. Batch, C E Fay, F R Hart, A J Peters, A J Philpott, 
and E S Webster, accepting Associate Membership 
The Corresponding Secretary reported the receipt of biographical 
notices of Abraham Jacobi, by Simon Flexner, Jacques Loeb, by 
W J V Qsterhout, and Lincoln Ware Riddle, by Bruce Fink 
The Corresponding Secretary announced the following appoint¬ 
ments made by the President of delegates to the following conferences 
or celebrations 

Alfred C Lane, to the Fiftieth Anniversary of the Founding of the 
Socidtd G£ologique de Belgique, July 27-30, 

R.G D Richardson, to the meeting of the International Mathe¬ 
matical Congress, at Toronto, August 11-16, 

Henry P Talbot, to the Centennial Celebration of the Rensselaer 
Polytechnic Institute, October 3-4, 

Harvey Cushing, to the Inauguration of President Vinson and the 
Dedication of the new building of the School of Medicine of the 
Western Reserve University, October 9 
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The President announced the deaths of six Fellows—Charles 
Ambrose DeCourcy (Class III, Section 1), James DeNomandie 
(Class III, Section 1); Oliver Whipple Huntington (Class II, Section 
1), Robert Williamson Lovett (Class II, Section 4), Allan ^larqUand 
(Class III, Section 4), Robert Simpson Woodward (Class I, Section 4). 
The newly elected Fellows and Associates were then presented* 
The following communication was presented 
Mr Reginald A Daly "Studies on Volcanic Islands of the Deep 
Sea," with lantern illustrations 
Five papers were presented by title 

"Contribution towards a Monograph of the Laboulbemaceee, 
Part 3, by Roland Thaxter 

“The Geology of Ascension Island/' by Reginald A Dalv 
“ Certain Physical Properties of Single Crystals of Tungsten, Tel¬ 
lurium, Cadmium, Zinc, and Tin/' by P W Bridgman 
"The Effect of Tension on the Transverse and Longitudinal Re¬ 
sistance of Metals/’ by P W Bridgman 
"Various Physical Properties of Rubidium and Cwsium, and the 
Resistance of Potassium under Pressure/' by P W Bridgman 
The Meeting was dissolved at 9 35 P M 

* 

One thonin d m hundred tad thirty-fourth mooting 

November 12, 1924 —Stated Meeting 

Held in Connection with the Autumn Meeting qf the National Academy 

of Sciencee 

The Academy met at its House at 8.10 P.M 
The President in the Chair 

There were present sixty-two Fellows and thirty-five guests, in¬ 
cluding ladies 

The Records of the Meeting of October 8 were read and approved. 
The Corresponding Secretary reported the receipt of the following 
biographical notices 1 —Louis Derr, by H. M. Goodwin; Harold 
Clarence Ernst, by S B. Wolbach, Theophil Mitchell Prudden, by 
S. B Wolbach, and Wallace Clement Sabine, by E H. Hall. 
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Hie President announced the deaths of Henry Cabot Lodge, 
Fellow in ClasB III, Section 3, and of Sir Archibald Geikie, Foreign 
Honorary Member in Class II, Section 1 
The following communications were presented. 

Mr Charles H Haskins “ The Spread of Ideas m the Middle Ages ” 
Mr Henry Osborn Taylor Discussion of Mr Haskins’ paper 
Mr Arthur L. Day "Some Causes of Volcanic Activitywith 
lantern illustrations 
At 9 33 the Meeting was dissolved 


Om thousand ona hundred and thMr-fltth meetinf 

December 10,1924 —Stated Meeting 

The Academy met at its House at 8 15 P M 

The President in the Chair 

There were present twenty-seven Fellows and Associates and one 
guest 

The Records of the Meeting of November 12 were read and ap¬ 
proved 

The Corresponding Secretary reported the election by the Council 
of Mr Ingersoli Bowditch as Treasurer to fill the unexpired term of 
Mr Harold Murdock, resigned 

It was 

Voted, To authorize the Council to transfer the unused balance of 
the appropriation for Mrs Holden, late Assistant Librarian Emerita, 
to the appropriation for General and Meeting expenses. 

The President announced the deaths of Walter Elmore Femald, 
Fellow in Class II, Section 4, and of George Chandler Whipple, Fellow 
in Class I, Section 4 

The following communication was presented. 

Mr. Ephraim Emerton* "Bartolus de Gwtpku «l GebtUini*. Hie 
Italian Party System.” 

Hw following paper was presented by title: 

"On the Symbiosis of certain Caslenterates and Zooxanthella, by 
H. Bosohma." Presented by E. L. Mark 

At 9 20 the Meeting was dissolved 
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One Ihoniaad one hnadMd sad Eiilpllilh bmMbk. 

January 14, 1925— Stated Meeting. 

The Academy met at its House at 8.15 P.M 
The President in the Chair. 

There were present twenty-two Fellows and three guests 
The Records of the Meeting of December 10 were read and ap¬ 
proved. 

The President announced the death of Alfred Marshall, Foreign 
Honorary Member in Class III, Section 3 
The following communication was presented' 

Mr Francis H. Williams "Measurements of X-Rays and of 
Electrons and Gamma Rays from Radium by Fluorescence, with 
Illustrations of the Usefulness of these Measurements m Medicine ” 
The following paper was presented by title 
"Computation of Behavior of Electric Filters under Load,” by 
A. E Kennelly and Arthur Slepian 
The Meeting was dissolved at 9 10 P M 

One thousand one handled and thtatr-savsath meetlnc 

February 11,1925 —Stated Meetino 

The Academy met at its House at 8 15 P M 
The President in the Chair. 

There were present twenty-six Fellows and two guests 
The Records of the Meeting of January 14 were read and approved. 
The Corresponding Secretary reported the receipt of a biographical 
notice of George Chandler Whipple, by A E. Kennelly. 

The President announced the deaths of Willard Bartlett, Fellow in 
Class III, Section 1, and of Joseph Clark Hoppin, Fellow in Class HI, 
Section 2. 

The following communications were presented. 

Mr William J Cunningham. "Recent Tendencies in Policies of 
Railroad Administration ” 

Mr. Harvey N. Davis: "Recent Developments in Railroad Equip¬ 
ment ” 



BEC0BD9 OF MEETINGS 


601 


One paper was presented by title: 

'"Hie Effect of Pressure on the Magnetic Permeability of Iron, 
Cobalt, and Nickel,” by C S Yeh, presented by P. W. Bridgman 

The Meeting was dissolved at 1015 P M. 

One thousand one hundred and tUrtj-eichth meeting. 

March 11,1925 —Stated Meeting 

The Academy met at its House at 8 10 P M 

The President in the Chair. 

There were present thirty-eight Fellows and Associates and six 
guests 

The Records of the Meeting of February 11 were read and approved. 

The Corresponding Secretary reported the receipt of a biographical 
notice of Walter Elmore Fernald, by C Macfie Campbell 

On recommendation of the Council, the following appropriations 
were made for the ensuing year 

From the income of the General Fund, $7,700, to be used as follows 


for General and Meeting expenses $ 800 00 

for Library expenses 1,800 00 

for Books, Periodicals and Binding 1,200.00 

for House expenses 3,000 00 

for Treasurer’s expenses 800 00 

at the disposition of the President 100 00 


From the income of the Publication Fund, $2,995 02, to be used 
for publication. 

From the income of the Rumford Fund, $3,432 35, to lie used as 
follows 

for Research $1,00000 

for Books, Periodicals and Binding 200 00 

for Publication . 60000 

for use at the discretion of the Committee . . 1,632 35 

From the income of the C. M. Warren Fund, $1,089.46, to be used 
at the discretion of the Committee 
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The President announced the deaths of one Fellow, Joel Hastings 
Metcalf (Class I, Section 1), and of two Foreign Honorary Members, 
Sir Thomas Clifford Allbutt (Class II, Section 4) and Oliver Heaviside 
(Class I, Section 2) 

The President appointed the Nominating Committee as follows 
William S Franklin, of Class I. 

Walter B Cannon, of Class II 
Albert Matthews, of Class III. 

The following communication was presented 
Mr Henry B Bigelow “Recent Oceanographic Problems as Il¬ 
lustrated in American Waters,” with lantern illustrations 
The Meeting w as dissolved at ten o'clock. 


Oaa thousand one hundred sad thirty-ninth m—tins. 

April 8, 1925.— Stated Meeting. 

The Academy met at its House at 815 P M 
The President hi the Chair 

There were present forty-five Fellows and Associates, and six guests 
In the absence of the Recording Secretary, the Corresponding 
Secretary was requested to assume his duties 
The Records of the Meeting of March 11 were read and approved 
The following communications were presented 


Recent Problems in Astronomy 
The Milky Way 

1 Mr Willem J. Luyten “ The Distribution and Brightness of 
the Stan " 

2. Mr Solon I Bailey. “Dark Nebuln along the Milky Way.” 

3 Mr Harlow Shapley “On the Dimensions of the Galactic 
System ” 

Illustrated with lantern slides 

The Meeting was dissolved at ten o’clock. 
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One thouaiid one handled end fortieth meeting 

May 13,1925 —Annual Meeting 

The Academy met at its House at 8 10 P M 
The President in the Chair 

There were present thirty-six Fellows and Associates and one guest 
The Records of the Meeting of April 8 were read and approved 
The Corresponding Secretary reported the receipt of a biographical 
notice of John Trowbridge, by Theodore Lyman 
The President announced the death of two Fellows —Arthur Ijord 
(Class III, Section 1), and John Singer Sargent (Class III, Sertion 4) 
The following report of the Council was presented 
Since the last report of the Council there have been reported the 
deaths of fourteen Fellows —Willard Bartlett, Charles Ambrose 
DeCourcy, James DeNormandie, Walter Elmore Fcmald, Joseph 
Clark Hoppm, Oliver Whipple Huntington, Henry Cabot Lodge, 
Arthur Lord, Robert Williamson Lovett, Allan Marquand, Joel 
Hastings Metcalf, John Singer Sargent, George Chandler Whipple, 
and Robert Simpson Woodward, and of four Foreign Honorary 
Members —Sir Thomas Clifford Allbutt, Sir Archibald Geikie, Oliver 
Heaviside, and Alfred Marshall, 

Fourteen Fellows and one Foreign Honorary Member, os well as 
ten Associates, were elected by the Council and announced to the 
Academy in May 1924 

The roll now includes 571 Fellows, 61 Foreign Honorary Members, 
and seven Associates (not including those elected m May 1925) 

The annual report of the Treasurer, Ingersoll Bowditch, was read, 
of which the following is an abstract. 


General Fund 
Receipts* 


Income on hand Apnl 1,1924 


$ 2,771.05 

From Investments 

$4,826 06 


u Assessments 

3,32000 


" Admissions 

170.00 


“ Sundries 

34145 

8,05751 

$11,429.46 
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Expenditures 


Assistant Librarian Emcrita 

$ 35000 

Expenses of Library 

1,982.30 

Treasurer's Expenses 

90341 

Books and Binding 

1,19096 

General Expenses 

92007 

House Expenses 

2,663 41 

Restoring Pictures 

145.00 

President's Expenses 

103 82 

Interest on Bonds, bought 

13.61 

Transferred to Publication Funds 

25000 

Income transferred to Principal 

38293 


Rumfobd Fond 
Receipts 

Income on hand April I, 1924 

From investments $3,995.14 

“ Unexpended Grants returned 264 69 


Expenditures 


Purchase and Binding of Books . $ 201 52 

Research 1,425 00 

Tables of Constants 20000 

Sundries . . 6 75 


Income transferred to Principal 


C. M Warren Fond. 
Receipts, 

Income on hand April 1,1924 . . . 

From Investments 


$ 8,25897 

646 54 
$ 8,90551 

$ 6,52078 
4,249.83 
$10,77061 

$ 1,833.27 
17545 
$ 2,008.72 

$ 1,064.83 
$ 1,136.76 


$ 2,201.58 
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Expenditures 

Research $2,004 75 

Vault Rent, part 3 00 


Income transferred to Principal 


Publication Fund 
Receipts 


Income on hand April 1,1924 

From Income Appleton Fund $ 915 00 

" “ Centennial Fund 2,448 34 

" Authors Reprints 206 77 

“ Sale of Publications 479 48 

“ Use of Plate 7500 

“ General Fund Income 250 00 


Expenditures 

Publications $4,695 39 

Vault Rent, part 10 00 


Income transferred to Principal 


From Investments 


Francis Amory Fund 
Receipts 


Expenditures 

Publishing Statement $ 67 55 

Interest on Bonds, bought 16.67 


Income transferred to Principal 
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$ 2,007.75 
5634 
$ 2,064.09 

$ 4,853 23 


4,374 59 
$ 9,227.82 

$ 4,70539 
17980 
$ 4,88519 

$ 131000 

$ 8422 

1,725.78 


$ 1,810.00 
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The following reports were also presented 

Report of the Library Committee. 

The Librarian begs to report for the year 1924-25, as follows 
During the year 110 volumes and 28 unbound numbers of periodicals 
have been borrowed by 22 Fellows and 6 libraries. Many books have 
been consulted at the Academy, though not as many as the Librarian 
could wish All books taken out have been returned or satisfactorily 
accounted for 

The number of books on the shelves at the time of the last report 
was 39,625 During the year 423 volumes have been added, making 
the number now 40,048 This includes 48 purchased from the 
General Fund, 20 from the Rumford Fund, and 355 received by gift 
or exchange The number of pamphlets added was 170 
The expenses charged to the Library during the financial year 


ending April 1, 1925, are 

Salaries $1,80000 

Binding 

General Fund 728.25 

Rumford Fund 80 45 

Purchase of periodicals and books 

General Fund 411 31 

Rumford Fund 121*07 

Miscellaneous 182 30 


The Committee wishes to add a word of appreciation of the many 
years of devoted service to the Academy of Mrs Agnes H. Holden, 
whose death occurred on October 18,1924 From October, 1903, to 
October, 1922, she filled most ably the position of Assistant Librarian, 
succeeding her husband, the late Dr Austin Holden, and after ill- 
health forced her to resign in 1922, the Academy made her Assistant 
Librarian Emerita 

H M Goodwin, Librarian. 

May 13, 1925 


Report of the Romford Committee 

The Committee held six meetings during the year (Oct. 8th, Nov. 
5th, Jan. 14th, Feb. 11th, Mar 11th, and Apr. 8th). 
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Theodore Lyman, as newly-elected President of the Academy, re¬ 
signed the chairmanship of the Committee on October 8th, and 
Arthur E. Kennelly was elected to succeed him, as Chairman, with 
P W. Bridgman as Secretary 

The Committee made the following grants during the academic 
year 1924-25 • 

Jan 14,1925 To S A. Mitchell, Director, Leander Mc¬ 
Cormick Observatory, University of Virginia, towards printing 
of observations on variable stars No 250 $ 500 

Feb 11, 1925 To S Stillman Berry, Redlands, Calif, 
towards researches on light production in cephalopoda. 

No 251 300 

Mar 11, 1925 To F A Saunders, Harvard University, 
towards equipment m continuation of researches in mapping 
spectra No 252 200 

Apr 8,1925 To G Shannon Forbes, Harvard University, 
towards equipment m photochemical researches No 253 250 

$1,250 

Since the date of the last Committee report, information concerning 
researches completed with aid from the Rumford Fund has been re¬ 
ceived from the following persons —A L Clark, W W Campbell, 
W C Hayes, J R, Roebuck, H. Shapley and R W Wood 

Reports concerning researches bemg continued with aid from the 
fund have also been received from P W. Bridgman, N A Kent, and 
S. A. Mitchell 

The following papers covering researches aided from the Rumford 
Fund have been published since the date of the Committee’s last 
report-— 

“ Viscosity of Ethyl Ether near the Critical Point,” by A L Clark, 
Trantadione of the Royal Society of Canada, Vol 18,3rd Ser, pp. 329- 
S38. 

"Controlled Orbital Transfers of Electrons in Optically Excited 
Mercury Atoms,” by R W. Wood, Proe. Royal Son., A, Vol 106,1924, 
pp. 679-094. 

"The 8883 Cyanogen Band in the Solar Spectrum,” by Raymond T 
Birge, The Aitnpkyncal Journal, Vol. 59, No 1, Jan. 1924, pp 45-60. 
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The mss of a paper by J. R Roebuck on the “ Joule-Thomson 
Effect” has been received covering a research aided by the Rumford 
Fund This paper has been accepted and forwarded to the Academy’s 
Publication Committee for printing in the Proceedings 

On March 11th, the committee reported for the first time, unani¬ 
mously, and on April 8th, for the second time, unanimously, to rec¬ 
ommend to the Academy the award of the Rumford Premium to 
Professor Henry Norris Russell of Princeton University for his Re¬ 
searches in Stellar Radiation 

A review of the history and aims of "The Rumford Fund” was 
published on behalf of the committee in " Science ” for December 19th, 
1924, Vol 60, No. 1564, pp 558-559 

Respectfully submitted, 

A E Kennelly, Chairman. 

May 13, 1925 

Report of the C M Warren Committee. 

The Committee had at its disposal at the beginning of the fiscal 
year 1924-1925, $2,124 61 During the year ending March 31,1925, 
grants to the amount of $2,040 were made The balance on hand on 
that day was accordingly $84.61 The appropriation of the Academy 
for the coming year is $1,070. The amount at the disposal of the 
Committee for the year 1925-1926 is $1,154.61. 

Since the last annual report of the Committee, awards have been 
made as follows 

April 3, 1924 To Professor A. C. Lawson, National Research 
Council, $150, to be used in connection with the work of his committee 
on the measurement of geological time on the basis of atomic disin¬ 
tegration 

April 3, 1924. To Professor 6 P Baxter, Harvard University, 
$500, to cover the cost of a standardised meter bar. 

April 3, 1924 To Professor W. V. Evans, of Northwestern Uni¬ 
versity, $300, to aid him in his research on chemiluminescence. 

April 8,1924. To Dr. Roland R Read, of the University of Ver¬ 
mont, $125, to be used in the study of the reduction of aldehydes. 



RECORDS OF MEETINGS 


June 19,1924. To Professor Charles Kraus, of Brown University, 
$500, for his research on intermeta!hc compounds 
July 3, 1924 To Professor D A Maclnnes, of the Massachusetts 
Institute of Technology, $200, to be used in his work on liquid junc¬ 
tions. 

December 2, 1924 To Dr. Charles F H Allen, of Tufts College, 
$200, to assist in his study on delta ketomc nitriles 
December 2, 1924 To Dr Arthur F Scott, of Reed College, 
$75, to be used in connection with lus work on the atomic weight of 
chlorine. 

Reports of progress have been received from the following 
Professors Conan t, Evans, Worrall and Allen 

James F Norris, Chairman 

May 13, 1925. 

Report of the Committee of Publication 

Note At the meeting of May 13, 1925, the chairman made a 
general oral report to the Academy and requested, that he be per¬ 
mitted to submit his report later as of date when the work of the 
Committee should be turned over to the chairman to be appointed, 
Mr W S Franklin The request was granted 
The Committee of Publication reports as follows for the penod 
April 1,1924 to October 13, 1925: 

The Committee and the Academy have lost the valuable services 
of Mr. A A Howard, representing Class HI, who had so long served 
as a member of the Committee and at times as its Acting Chairman, 
through his death the past summer. 

During the period of one year and 5 months there have been 
printed No. 5 of Vol 14 in the Memoirs and Nos 1-3 of Vol 15, 
Nos. 10-17, of Vol. 59 of the Proceedings and Nos 1-8 of Vol 60. 

The financial statement of the Committee for the fiscal year can 
be seen m the report of the Treasurer of the Academy The receipts, 
for the year ending March 31, 1925, were $4,374 59, the expenditures 
for the year ending March 31, 1925, were $4,885.19, thus drawing 
down the surplus accumulated in past years by about $500 This 
statement is so favorable merely because of an unfortunate delay at 



610 


PROCEEDINGS or THE AMERICAN ACADEMY. 


the press. Three manuscripts were given to the printer for the 
Proceedings m December 1924, which had not been received m galley 
in the middle of May 1925 and for which the printer’s bill, which 
normally should have come in before the middle of May, has only 
been received in the early fall The balance on hand at the present 
date, for the payment of printer’s bills on the Proceedings from No 6 
of Volume 60, forward, is $2,596.83, and if the press handles manu¬ 
scripts in its charge with normal dispatch, it will be exhausted con¬ 
siderably before the end of the current fiscal year 

In view of this situation, the Committee may be permitted to quote 
from its report of May 14, 1924 “Even with a continuation of con¬ 
tributions by the Rumford Committee toward the expenses of pub¬ 
lication of articles from the field of that Committee, it is safe to say 
that there will come a time within the next three or four years when 
the publications of the Academy must be considerably reduced m 
volume unless there is some way to reduce the cost per page now paid 
for printing Your Committee will direct every effort towards 
the reduction of costs of the publications, but believes that it u none 
too soon for the Academy seriously to consider where it may look for 
some additional endowment for publication, because it is too much 
to hope that costs can be reduced to anything like die pre-war figure 
and it will be unfortunate both for the Academy and for its members 
if any steps shall have to be taken to reduce the space available for 
publishing material of the caliber that has distinguished these pub¬ 
lications for many years ” 

Owing to the delays which we experienced with the printer with 
whom the Committee had done business for a great many years, it 
was determined that the unfortunate necessity had arisen for seeking 
a new printer After a great many inquiries it was decided to try 
out the service and the rates of the Intelligencer Printing Co, of 
Lancaster, Pa The first manuscript sent to them was that of No. 6 
(the concluding number) of Volume 14 of the Memoirs. They have 
printed that and Nos 1, 2,3 of Vol 15. They have taken over the 
printing of the Proceedings beginning with No. 6 of Volume 60. It 
is too early to say whether the change wilt result in the long ran in 
either a better service or lower rates. The Committee desires to 
register at this time its appreciation of the uniform courtesy that it 
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has received during the long period from the Cosmos Press with which 
it has done business, and to express its regret that that press found 
itself unable during the past year to continue its previous satisfactory 
service 

The Committee will continue to do all in its power to keep down 
costs of publication With the approval of the President the Com¬ 
mittee has, during the past summer, addressed to a committee of the 
National Academy, charged with the disbursement of a certain amount 
of money to aid in scientific publication, a request that the emergency 
which now exists in the financial situation of your Committee of 
Publication be carefully considered, and tliat if possible an appro¬ 
priation be made to aid in ensuring the publication of the volume 
of the Proceedings (Vol 61) of the current year The Committee 
again urges that steps be token to ensure that an adequate income is 
available to the Committee each year so that the publication of the 
valuable contributions offered to the Committee may not have to be 
restricted 

On account of the delay in publication during the past year a 
number of authors have become justifiably restive, but it is the hope 
of the Committee that the situation will soon clear up and the normal 
promptness of publication be resumed The Committee believes, 
however, that it is only fair to point out that a great deal of material 
has been published The 4 Memoirs make a total issuance of about 
455 quarto pages plus 25 plates, which is a very large volume in itself, 
and represents an amount of material as great as has been previously 
printed in the Memoirs since June 1908, or more than 15 years The 
amount of material is in comparison even larger than the number of 
pages would indicate The Academy has been accustomed to print 
the Memoirs in 11 pt on a 16 pt body As a part of its responsi¬ 
bilities in lowering the costs the Committee had to consider whether 
this style of printing was not unnecessarily elaborate and after an 
examination of the whole question decided that to follow the example 
of the National Academy and print with 10 pt type on 12 pt body 
was of adequate dignity for the American Academy, and consequently 
with the exception of certain introductory parts these 4 Memoirs 
have been do printed. The result is a saving in space and cost of 
something like 25% In addition to the work on the Memoirs there 
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have been printed during the period of 17 months in the Proceedings, 
470 pages of Vol, 59 and 450 pages of Vol 60, making a total of 920 
pages, which is at a rate of only little less than usual. The total 
printing program accomplished in the 17 months is therefore very 
largely in excess of what the Committee is ordinarily expected to ac¬ 
complish and the delays which have been annoying dike to the Com¬ 
mittee and to the authors have been attributable in a very consider¬ 
able measure to the fact that the Committee has been called upon to 
print more than is usual and has merely failed in the attempt to print 
still more. 

The present status of the publications is as follows* There are no 
manuscripts in hand to be printed as Memoirs and there are no 
Memoirs in the course of publication On the Proceedings, Nos 9 
and 10 of Vol 60 are in page proof, No. 11 is at the printer's for com¬ 
position Three others, whose serial numbers have not been assigned 
and some of which will be put into Vol 61 instead of Vol 60, are also 
at the printers for composition and of these galleys have already been 
received for one Three manuscripts are in the hands of the Com¬ 
mittee for editorial consideration and are expected to go to the printer 
within the next few weeks. 

Respectfully submitted, 

Edwin B. Wilson, Acting Chairman 

Oct. 13,1925, 


Report of the House Committee 

The House Committee submits the following report for the year 
1924-25 

With the balance of $137.24 left from last year, an appropriation of 
$2,800, and $205 received from other societies for the use of the rooms, 
together with $47 83 received from the Friends of Medical Progress 
for telephone service, the Committee had at its disposal the sum of 
$3,190.07. The total expenditure has been $2,916.24, leaving an un¬ 
expended balance on April 1, 1925, of $273.83, The expenditure has 
been as follows 
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Janitor 

Elec “ dt) {p^ , « 

Coal 

Care of elevator 

Gas 

Water 

Telephone 

Ash tickets 

Upkeep 

Furnishings and equipment 
Janitor’s supplies and sundries 


$ 06800 
186.06 
68.40 
1,00014 
40 38 
70 56 
15 40 
11856 
3465 
26600 
8405 
4414 


Total expenditure . . $2,016 24 

This amount minus the $252 83 contributed by other societies 
leaves the net expense of the House $2,663.41. 

It was necessary to replace a cable in the elevator at a cost of $47 55 
and to purchase a new vacuum cleaner The Lecture Hall was 
painted during the summer 

This coming summer we expect to have the Beading Room and the 
halls of the upper floors painted, as well as the outride window frames 
and sashes all over the building An appropriation covering the es¬ 
timate for the work was included in our budget for next year 

Meetings have been held as follows 


The Academy 8 

American Antiquarian Society 1 

Colonial Society 4 

Geological Club of Boston 1 

Harvard-Technology Chemical Club 7 

National Academy of Sciences 1 

New England Botanical Club 6 


31 

On November 12, the National Academy of Sciences held an all-day 
meeting at the House of the American Academy as the latter’s guest 
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There were morning and afternoon sessions, followed by a reception, 
and in the evening a joint session of the two academies 

The Council Chamber has been used for Academy Council and 
Committee meetings, and also by the Colonial Society, the Trustees 
of the Children’s Museum, and the Thursday Evening Chib. 

The society of Friends of Medical Progress, whidb had occupied the 
Committee Room on the first floor since July 1923, removed from the 
building in September 1924. 

Respectfully submitted, 

W H Lawrence, Chairman. 

May 13,1«26 


On the recommendation of the Treasurer, it was 
Voted, That the Annual Assessment be $10 00 
On the recommendation of the Rumford Committee, it was 
Voted, To award the Rumford Premium to Professor Henry Norris 
Russell, of Princeton University, for his researches in stellar radiation. 

The annual election resulted m the choice of the following officers 
and committees 

Theodore Lyman, President 
Arthur E Kennelly, Vice-President for Clou I 
William M Wheeler, Vice-President for Claes II 
Arthur P Rugg, Vice-President for Class III 
Norton A Kent, Corresponding Secretary 
Charles B Guuck, Recording Secretary . 

Ingersoll Bowditch, Treasurer 
Harry M Goodwin, Librarian 

Councillors for Four Years. 

Harvey N Davis, of Class I. Herbert V Neal, of Class II, 
Edward W. Forbes, of Class III 

Finance Committee 

Thomas Barbour Paul J. Sachs Frederick p Fish 
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Rumford Committee 

Arthur E Kennelly 

Elihu Thomson Charles L Norton 

Percy W Bridgman Harlow Shaplet 

Harry M Goodwin Frederick A Saunders 

C M Warren Committee 

James F Norris 

Henry P Talbot Arthur D Little 

Gregory P Baxter Lawrence J Henderson 

Walter L Jennings Frederick G. Keyes 


Publication Committee 
William S Franklin, of Class I 

Herbert V. Neal, of Class II Albert A Howard, of Class III. 
Library Committee 

Edwin B Wilson, of Class I Thomas Barbour, of Class II 

William C. Lane, of Class III 

House Committee. 

William H Lawrence, Chairman 
Robert P Bigelow S Burt Wolbach 


Committee on Meetings 

The President 
The Recording Secretary 

George H. Parker Gregory P Baxter Edward K Rand 


George R. Agassiz 


Auditing Committee 


John E Thayer 
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The Council reported that the following gentlemen were elected 
members of the Academy 

Class I, Section 1 (Mathematics and Astronomy) 

Willem Jacob Luyten, of Cambridge, as Fellow. 

Alfred North Whitehead, of Cambridge, as Fellow 
Class I, Section 4 (Technology and Engineering) 

Vannevar Bush, of Chelsea, as Fellow. 

Maurice d’Ocagne, of Pans, as Foreign Honorary Member 
Class II, Section 1 (Geology, Mineralogy, and Physics of the Globe). 
John Horne, of Edinburgh, as Foreign Honorary Member 
Esper Signius Larsen, Jr, of Cambridge, as Fellow. 

Kirtley Fletcher Mather, of Cambridge, as Fellow 
Frank Bursley Taylor, of Fort Wayne, Ind , as Fellow. 

Class II, Section 2 (Botany) * 

Nathaniel Lord Britton, of New York City, as Fellow 
Albert Spear Hitchcock, of Washington, D C , as Fellow. 

Class II, Section 3 (Zofllogy and Physiology) 

Samuel Randall Detwiler, of Cambndge, as Fellow. 

Herbert McLean Evans, of Berkeley, Cal, as Fellow. 

Alexander Grant Ruthven, of Ann Arbor, Mich, as Fellow. 

Class II, Section 4 (Medicine and Surgery). 

Nathaniel Allison, of Boston, as Fellow 
Robert Bayley Osgood, of Boston, as Fellow 
Benjamin White, of Boston, as Fellow. 

Class III, Section 2 (Philology and Archaeology) • 

William Chase Greene, of Cambridge, as Fellow 
Karl Friedrich Geldner, of Marburg, Germany, as Foreign Honorary 
Member 

Associates —Charles Francis Adams, Frederick W. Allen, Charles 
F Batchelder, Samuel F. Batchelder, Henry W. Cunningham, Philip 
L Hale, Charles H. Hawes, Charles Hopldneon, William James, 
Everett Mores, Herbert Parker, Ralph A Stewart, Charles H. Taylor, 
B Loring Young. 

The following communication was presented. 

Mr George H Chase. "The Restoration of Ancient Monuments,” 
with lantern illustrations 



RECORDS OF MEETINGS. 


617 


Professor C R Lanman then introduced H. R H. the Prince of 
Chandabun, with remarks on the relations between Siam and the 
United States 

The following paper was presented by title. 

* A Further Study of the Polyhedral Shapes of Cells. I. The 
Stellate Cells of Juncus ej Turns, II Cells of Human Adipose Tissue; 
III Stratified Cells of Human Oral Epithelium/' by Frederic T. 
Lewis. 

The Meeting was dissolved at 9.50 P. M. 




BIOGRAPHICAL NOTICES. 


LOUIS DEAR 

HAROLD CLARENCE ERNST 
WALTER ELMORE FERNALD 
ABRAHAM JACOBI 
JACQUES LOEB 

THEOPHIL MITCHELL PRUDDEN 
LINCOLN WARE RIDDLE 
WALLACE CLEMENT SABINE 
JOHN TROWBRIDGE 
GEORGE CHANDLER WHIPPLE 
ROBERT WHEELER WILLSON 


F AQfft 

Haary M Goodwin 620 
S Burt Wolbach 021 
C Macfjk Campbell 624 
Simon Flbxnrik 626 
W J V Obtkbhout 620 
S Burt Wolbach 634 
Bruch Fink 637 
Edwin H Hall 646 
Theodore Lyman 661 
Arthur E Kknnblly 654 
Harlan T Stetson 658 



620 


PROCEEDINGS OF THE AMERICAN ACADEMY. 


LOUIS DERR (1866-1923). 

Fellow tn CUa I, Section 3, ISOS. 

Louis Derr, Professor of Physics at the Massachusetts Institute of 
Technology and a member of this Academy since 1008, died after a 
short illness at his home in Brookline on May 11, 1933 He was 
born in Pottsville, Pennsylvania, August 6,1868 His father, Simon 
Derr, and his mother, Sarah Ann Sieger Derr, were descended from 
early settlers who came to Pennsylvania before the time of the 
Revolution He prepared for college in the Pottsville High School, 
and through the influence of one of his teachers, an Amherst graduate, 
decided to go to Amherst College for lus collegiate education He 
entered in 1885 and graduated with Phi Beta Kappa honors m 1889. 
Having a decided bent towards science and engineering he then 
matriculated at the Massachusetts Institute of Technology with the 
intention of becoming an electrical engineer. He graduated with 
the degree of Bachelor of Science m 1892, receiving also in the same 
year the degree of Master of Arts from Amherst College. 

Instead of entering at once upon the practice of his profession as 
electrical engineer, Derr accepted an appointment as assistant in the 
Department of Physics at the Institute of Technology, and finding 
the work of teaching highly congenial, decided to follow an academic 
career. He remained a member of the instructing staff of the In¬ 
stitute until his death, thus rounding out a period of continuous 
service of thirty-one years. At the time when young Derr was first 
appointed assistant, the course in Electrical Engineering was ad¬ 
ministered by the late Professor Charles R Cross as a part of the 
Department of Physics, and his work was at first chiefly m the field 
of applied electricity Later, m 1902, when the department of Elec¬ 
trical Engineering was separated from that of Physics, Derr decided 
to remain in the latter department, and to devote himself henceforth 
to pure science rather than engineering He had long been interested 
in photography, and now turned his attention to the development of 
the instruction in theoretical and applied photography, and geo¬ 
metrical optics In these subjects he became a recognised authority. 
He was appointed to a full professorship in Physics in 1909 Be was 
an excellent teacher, and his lectures were models of clear exposition 
and skillful manipulation 
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Professor Derr was elected to the American Academy of Arts and 
Sciences April 8,1908 He was devoted to its interests, and gave un- 
stintingly of his time to the work of the various committees to which 
he was appointed He served on the house committee from May 1909 
to May 1920, acting as chairman of the committee during the last 
year. In 1920 he assumed the chairmanship of the publications com* 
mittee, which position he held at the time of his death His mem¬ 
bership in other scientific societies included the American Physical 
Society, the American Astronomical Society, Optical Society of 
America, and the Royal Photographic Society of London. He was 
editor for many years of the Encyclopedia of Engineering, and the 
author of a well-known treatise on photography, besides being a con¬ 
tributor to various engineering and scientific journals 

Professor Derr was a man of broad culture, he traveled extensively 
and was something of a bibliophile, his library containing many rare 
first editions of the works of early scientists. He took an active part 
in civic and church affairs in his home town of Brookline, and was 
held in high esteem by his colleagues and associates m the community 
in which he lived In 1893 he married Miss Jane E. Coy, of Little 
Rock, Arkansas, who with his son, Thomas S Derr, survive him 

H M Goodwin 

HAROID CLARENCE ERNST (1856-1922) 

Follow In ClMi n, Section 4, 1880 

Dr. Ernst was bom in Cincinnati, Ohio, July 31,1856 His grand¬ 
father, John Zacharies Ernst, who was Amtbauermeister of the Sandl- 
town Rormgen, Hanover, fled to this country in 1804 with his eldest 
son, Andrew Henry Ernst, the father of Dr Ernst, because his prin¬ 
ciples forbade compliance in enforcing the harsh exactions under 
Napoleon. 

Andrew Henry Ernst was successful in business in Cincinnati and 
in horticulture as an avocation. He was one of the founders of the 
Horticultural Society of Ohio. Dr. Ernst’s mother, Sarah H, Otis, 
a direct descendant of General Otis of the Revolution, was a person of 
Initiative, a great worker during the Civil War, an Abolitionist and a 
pioneer advocate of suffrage for women. 



622 


PROCEEDINGS OF THE AMERICAN ACADEMY 


Harold Ernst graduated from Harvard College in 1876, from the 
Medical School m 1880 He received the degree of A M. from 
Harvard in J884 During his student days he was famous as a 
member of the baseball nine He introduced curved-ball pitching and 
the great speed of his delivery led to the invention of the catcher’s 
mask During the four years he pitched, Harvard was supreme in 
college baseball 

After graduation from the Medical School, and a hospital service, 
Dr Ernst entered the practice of medicine, taking residence m 
Jamaica Plain In 1883 he married Ellen Lunt Frothingham of 
Boston 

Prom the outset he w as interested in bacteriology Hi9 first papers, 
published m 1883 and 1884, were upon the tubercle bacillus, and in 
1885 he went abroad to study the bacteriology of tuberculosis with 
Koch In that year he was made an Assistant in Bacteriology in the 
Harvard Medical School, and his lectures were the first in this coun¬ 
try on bacteriology as a part of the regular instruction to medical 
students 

The importance of the new science of bacteriology in the service of 
medicine and surgery was steadily maintained by Dr Ernst in the 
face of considerable opposition on the part of some of his older 
colleagues, who wished to deny him laboratory space and teaching 
privileges In 1888, laboratory work became a part of the bacterio¬ 
logical instruction to medical students In 1889, Dr Ernst was 
promoted to be Instructor, in 1891 to be Assistant Professor, and m 
1895 he was made Professor of Bacteriology, 

Dr Ernst’s researches are represented by publications on tuber¬ 
culosis, suppurative bacteria, rabies, diphtheria, photomicrography 
with ultra-violet light, and subjects in immunology In 1895, he 
conducted, for the Massachusetts Society for Promoting Agriculture, 
an extensive research upon the “ Infectiousness of Milk from Tuber¬ 
culous Cows with no Lesions of the Udder ” His report was pub¬ 
lished m book form by the Society and contained the conclusion, as 
important today as then, that milk from tuberculous cows "with no 
appreciable lesion of the udder, may, and not infrequently does, 
contain the bacillus of the disease ” 

His services to medicine cannot be estimated from his published 
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work While Dr Ernst possessed the true spirit of investigation and 
the abilities of a great investigator, his temperament, true to the 
Ernst-Otis inheritance, left him constantly engaged m efforts to ac¬ 
complish work of immediate utility He was a pioneer in placing 
laboratory resources at the command of practising physicians and he 
was frequently consulted by physicians and surgeons about problems 
having a possible solution through bacteriology He introduced the 
sterilization of milk for infant feeding He was the first to advise the 
use of and to prepare dry sterilized (baked) surgical dressings, which 
were used by Dr J C Warren at the Massachusetts General Hospital 
His laboratory for a time served in the capacity of a city bacteriological 
laboratory for Boston and a number of other cities and he first manu¬ 
factured the tuberculin and diphtheria anti-toxin for the City of 
Boston. 

In 1890 he again \isited Koch's laboratory, for the purpose of 
learning about tuberculin and later at the Massachusetts Hospital, 
where he was physician to out-patients until 1900, he gave the thera¬ 
peutic use of tuberculin a cautious and careful trial 

Upon the entry of this country into the recent war, he immediately 
offered his services and was placed in charge of laboratory work of 
the Northeastern Division with the rank of Major 

From 1914 until his death he was Visiting Bacteriologist to the 
Children's Hospital, a position which gave him great satisfaction 
because he loved the sense of being directly useful to patients 

Dr Ernst for many years presided at the meetings of the Boston 
Society of Medical Sciences In 1896 he founded the Journal of the 
Boston Society of Medical Sciences, which in 1901 was continued as 
the Journal of Medical Research, of which he was editor until his 
death, at which time volume forty-three was just completed Dr 
Ernst was active and largely instrumental m the founding of the 
American Association of Pathologists and Bacteriologists, which in 
1901 took over the support of the Journal of Medical Research 
Until 1920 Dr. Ernst was Secretary of the Association and it is not an 
exaggeration to say that until that time he was its presiding genius 
and benefactor. In all affairs at the Harvard Medical School he 
played an active and thoroughly loyal part. For many yean he 
conducted the opposition to attempted legislation in Massachusetts 
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against animal experimentation. As Chairman of the Committee on 
Public Lectures, he secured and arranged the admirable programs of 
Sunday lectures with which the public is familiar. He accumulated 
an important library relating to bacteriology, which is now the 
property of the Medical School. 

His recreations were found out of doors,—golf, fishing and garden* 
mg were his favorite pastimes. He was particularly successful m 
horticulture and in growing pond49ies. 

Any account of Dr Ernst’s life demands a tribute to his character 
and personality His high ideals, direct speech, promptness to action 
and punctiliousness in personal relationships and everything pertaining 
to the amenities of life, made him an outstanding personality m each 
of the groups he served. Throughout his professional life he gave 
freely of his time to his colleagues and his assistance and encourage¬ 
ment are gratefully remembered by many practitioners of medicine 
as well as by laboratory workers. 

S B. Wolbach 

WALTER E FERNALD (1869-1924) 

Follow In Olaas IX, Section 4.1924 

Dr Walter E Fernald died at his home in Waverley, Mass, on 
November 26, 1924, after a brief illness which came on him in the 
midst of full activity 

He was born at Kittery, Maine, m 1859, and after the usual pre¬ 
liminary education he taught for a while in a country school and 
graduated from the Medical School of Mame (Bowdom) in 1881. 
From 1882 to 1887 he gained experience in mental disorders in a state 
hospital m Wisconsin In 1887 he took up his life task as superin¬ 
tendent of the Massachusetts School for the Feebleminded. In 1893 
he transferred the school from its situation in South Boston to the new 
institution at Waverley, which had been constructed under his super¬ 
vision 

In the new institution he devoted himself to die organisation of the 
study and care of the feebleminded and elaborated on organisation 
which became a model and attracted visitors from all over the world. 
He supervised with scrupulous care every detail of the training of his 
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pupils, he collected around him an enthusiastic group of teachers. He 
instructed physicians, medical students, psychologists, social workers, 
nurses He collaborated with others m detailed studies of the patho¬ 
logical anatomy of the brain in the feebleminded He published a 
senes of papers on the practical problems of the management of the 
feebleminded and on the social aspects of this subject He devoted 
much tune to instructing the public and to developing that com¬ 
munity atmosphere of enlightened sympathy without which the ad¬ 
equate management of the feebleminded is impossible For Dr 
Fernald the mentally retarded child was always a concrete individual 
with his or her own special needs and limitations and assets, for whom 
he felt a profound sympathy 

During his life time the study of the feebleminded developed great 
prominence as the rdle played by this factor m such social problems as 
delinquency, alcoholism, venereal disease, etc became more fully ap¬ 
preciated An additional impetus to the study of the subject was 
given by the elaboration of special intelligence tests, with which the 
names of Binet and Simon are so closely associated Both in ap¬ 
preciating the value of these new methods of measuring mental re¬ 
tardation and in recognizing the wider problems of the social bearing 
of feeblemindedness, the sound judgment and the rich experience of 
Dr Fernald were of the greatest value 

In the early years of his work he, himself, had emphasized the re¬ 
lationship of feeblemindedness to delinquency and had been m favor 
of segregation as the most important method of dealing with the 
problem As the years went on and as the application of intelligence 
tests disclosed the number of mentally retarded who get along placidly 
in a tolerant environment, he came to feel that the solution of the 
question was not in segregation but in the education of the com¬ 
munity to institute measures for early diagnosis, suitable training and 
adequate social supervision Thanks to his advocacy, the Massachu¬ 
setts Legislature, in 1919, passed a law for the state-wide examination 
of mentally retarded children, and with this law on the statute book 
and the necessary machinery set m motion to give it full effect, Dr. 
Fernald might well say that he had brought to completion the main 
task of his fife. 

It was while he was giving a series of courses to the physicians, on 
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whom devolved the responsibility for carrying out the actual survey 
of retarded children in the public schools, that the first symptoms of 
his fatal illness manifested themselves His ability as a teacher was at 
its height, lus mature judgment m all matters Hating to the problem 
of mental defect was eagerly sought after by those working in this 
field, his influence on the community was profound, years of pro¬ 
ductive activity still seemed in front of him 
Although it was in the special field of mental defect that the work 
of Dr Femald was so outstanding, the whole Mental Hygiene move¬ 
ment found in him most cordial support Hts influence on the com¬ 
munity was based not only on his technical mastery of his subject 
nor on the efficiency of the institution which he had organized in such 
a marvellous way, but it was largely due to the very great charm of 
his personality with its outstanding simplicity and uprightness 

C, Macfie Campbell 

ABRAHAM JACOBI (1830-1910) 

Follow In Claaa II, Section 4, 1004 

Doctor Abraham Jacobi, the founder of American pediatrics, was 
born m Hartum, Westphalia, on May 6,1830 and died at his summer 
home on Lake George on July 10, 1919, in the eighty-ninth year of 
his life. 

Doctor Jacobi was an original and outstanding figure in medical, 
and in its wider sense the social life in the United States during a 
period of more than sixty years A liberal by nature and conviction, 
he became a victim of the unsuccessful revolution m Prussia in 1848, 
was confined w prison, and finally escaped to the United States which 
became his adopted country, and which he was enabled to serve through 
a long, eventful life with rare professional and social seal 
A product of the German gymnaaial and university systems, Doctor 
Jacobi was fortunate during his course of medical study to come under 
several outstanding jteacherB and leaders of medical thought of his 
day As a student in G6ttingen he sat under the chemist Woehler 
and the clinician French*, whose advanced views must have acted 
powerfully upon the acute and receptive mind of the young pupil 
Woehler will be remembered as the associate of Liebig in his in* 
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vestigation# of uric acid, the cyanogen compounds, the oil of bitter 
almonds, the synthesis of sugar, morphine, and sahcin, and especially 
by reason of his epoch-making discovery of the artificial synthesis of 
urea from ammonium cy&nate Finally, it may be said that the dis¬ 
covery made by him in 1824 and confirmed in 1842, that benaoic acid 
taken in with the food appears in the urine as hippunc acid, banished 
the current idea that plants only and not animals can synthetixe 
their complex materials; it also may be regarded as the starting point 
of the modem chemistry of metalwhsm 

French s, the clinician, on the other hand,first achieved a reputation 
as an ophthalmologist, and then a little later as the exponent of sci¬ 
entific internal medicine and, as it were, of experimental pathology, in 
which branch he became a leader of German thought He was also a 
phenomenal teacher, whose studies under Liebig had provided him 
uith a chemical proficiency deeply affecting his studies and \iews. 
He will be recalled as the discoverer of leucm and tyrosin m the urine 
of acute yellow atrophy of the liver, studies on cirrhosis and other 
diseases of the liver, brought together in a remarkable treatise on that 
organ, on malarial fever, and Bright’s disease of the kidneys 

After many vicissitudes, Doctor Jacobi settled in 1853 m New York 
City where he opened an office and began, in the most modest manner, 
the practice of medicine. With his rare natural gifts of personality 
and mental vigor and Ins, for the period in the United States, extra¬ 
ordinary professional training, his rise to prominence and then to 
eminence could not long be delayed It mav perhaps be regarded as 
an incident of the influence of French’s teachings that in 1854 Doctor 
Jacobi invented a laryngoscope which antedated by a year the ap¬ 
pearance of the Garcia instrument The variety and breadth of his 
writings are other evidences of the fundamental discipline which he 
had imbibed. 

How quickly his talents became obvious to his colleagues may be 
gathered from the fact that by 1857 Doctor Jacobi was lecturing in 
pediatrics at the College of Physicians and Surgeons of New York, 
and in 1860 was called to the first special chair of diseases of children 
m the New York Medical College. In 1865, Doctor Jacobi trans¬ 
ferred to the clinical chair of his subject in the University of New York, 
and in 1870 he became clinical professor of pediatrics at the College of 
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Physicians and Surgeons Hie last chair he held until his retirement 
from active teaching in 1899 In the meantime he engaged in teach* 
ing pediatrics in New York for nearly half a century and in establishing 
by his own superb efforts and the work of his many pupils that speci* 
alty on the broad lines along which it moves to-day. In this con¬ 
nection it is informing to recall that Doctor Jacobi established a 
pediatric dime m 1862 which ran for two years and proved to be the 
first example of bedside teaching in internal medidne in the United 
States 

Doctor Jacobi’s activities quickly made themselves felt in literary 
fields In 1859 he took part m publishing a volume on The Diseases 
of Women and Children, and m 1862 in founding the American 
Journal of Obstetric* It is not possible in brief compass to refer by 
name even to the stream of shorter and monographic papers and 
books which appeared from his busy pen. They cover a very wide 
territory and variety of topics, they are observational, critical, his¬ 
torical, and withal stimulating, wise and often whimsical and witty. 
Taken together they form a valuable, almost monumental collection 
which has had, and still continues to exert, a profound influence on the 
teaching and practice and advancement of pediatrics not only in the 
United States, but throughout the world In 1909 Doctor Jacobi’s 
miscellaneous papers were assembled in eight volumes (Collectanea 
Jacobi) 

In 1873, Doctor Jacobi mamed Miss Mary C. Putnam, one of the 
first women doctors in the United States, who became herself an out¬ 
standing figure w medicine 

Doctor Jacobi possessed striking physical and personal traits. 
Short, slender, virile, with a large noble head surmounted with a 
splendid crown of hair, he arrested attention everywhere His 
features were pronounced but finely formed, his face lighted by bril¬ 
liant, searching eyes and moulded by a play of expressions responding 
to emotions and thoughts the most diverae He was a delightful 
companion and devoted friend and, as everyone could see, the kindest 
as well as the most skillful physician 

It was one of Doctor Jacobi’s genial habits to attend all manner of 
medical gatherings To do this was with him a duty as well as pleas¬ 
ure and benefit, and the practice was continued until the very end of 
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his life He was a conspicuous, outstanding, welcome personality at 
innumerable meetings, conventions, and congresses of local, national, 
and international scope. To these he was often a contributor, in 
these he often held high office every official honor was m time shown 
him by his admiring colleagues; but whether as officer or private, he 
attended sessions, listened closely, and at times and always temper* 
ately participated m the discussion 
Doctor Jacobi befriended all manner of persons, professional and 
otherwise, but he had an especially warm place in his capacious heart 
for the striving youth aiming at a real goal m medicine To him he 
never failed to hold out a helping hand, but with discrimination His 
words were always heartening if sometimes, though rarely, corrective 
Many men now at, or even beyond, the zenith of honorable and dis¬ 
tinguished careers recall with appreciation and affection the words of 
good cheer, the gently hinted caution, so happily and so wisely ad¬ 
ministered at just the right moment by Doctor Jacobi 
There is something noble m the life of a great physician His 
presence at and participation m those profound primal events in 
which life is ushered in and assisted out of the world, with all the 
attendant emotions extending from brightest hope through love to 
utter despair, bring him nearer to unadorned human nature than is 
vouchsafed other men. Hence it is that the name of such an exemplar 
of that ancient profession as Doctor Jacobi, who was at once pioneer 
practitioner and investigator, teacher, good citizen, friend, benefactor, 
will long endure in the annals of American medicine. 

Simon Flexner 

JACQUES LOEB (1850-1924) 

Fellow in 01ms II. Section 3, 1914 

Hie death of Jacques Loeb at the zenith of his career came as a 
great shock to all who knew him. His loss will be keenly felt not only 
among biologists but among men of science throughout the world 
I shall not here attempt to disclose the qualities which quickly made 
him a recognized leader in biology or the personal traits which endeared 
him to an ever widening circle of devoted friends. It Heed only be 
said that his goodness is an open book to all who knew him and his 
greatness will loom even larger with the lapse of time. 
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Of his influence on biology it would be difficult to give an adequate 
account* All his fellow-workers felt its spell and his death will not 
impair it many who never knew him will be unconsciously guided by 
it m ways little guessed 

His conceptions were often so bold and original as to startle con¬ 
ventional thinkers Fearless in attacking difficult questions of funda¬ 
mental importance, he showed almost uncanny insight into the most 
obscure and baffling matters His discoveries often had a dramatic 
quality in their unexpected and beautiful solutions of perplexing 
problems His results were reached by methods so simple as to 
compel admiration His papers were always clear, cogent and con- 
\ incmg It is no wonder that he was a powerful stimulus to his fellow- 
workers 

His mechanistic view-point profoundly affected biology and modi* 
cine and had an important influence on psychology and philosophy 

It is possible only to recall some important facts in his career, which 
to so many has served as example and inspiration 

He was bom in Mayen, Germany, April 7,1859 He attended the 
Askanisches Gymnasium in Berlin, 1877-1880; the Universities of 
Berlin, 1880, Munich, 1880-1881, Strassburg, 1881-1885 (MJD , 1884, 
Staatsexamen, 1885), and m 1885-1886 he was again at the University 
of Berlin 

He was assistant in physiology at the University of WUrzburg, 
1886-1888, and at the University of Strassburg, 1888-1890 From 
1889 to 1891, at the Naples Zoological Station, he laid the foundation 
for his work on marine biology which was afterward continued at the 
Marine Biological Laboratory at Woods Hole, Massachusetts, and at 
Pacific Grove, California In 1891 he came to America and became 
associate m biology at Bryn Mawr College From there he went to 
the University of Chicago as assistant professor of physiology and 
experimental biology in 1892, later he became associate professor, 
and then professor of physiology In 1902 he accepted the professor¬ 
ship of physiology at die University of California In 1910 he became 
Member of The Rockefeller Institute for Medical Research and re¬ 
mained there until his death 

Attracted m his student days by certain aspects of metaphysics, 
he became especially interested in problems connected with the 
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freedom of the will The idea that certain brain functions are local¬ 
ized in definite centers and that human conduct may be profoundly 
affected by disturbances in these centers led him to study medicine to 
gain the technical knowledge needed for experiments m order to 
learn to what extent apparently volitional acts can be controlled by 
physical and chemical agencies These studies led him, before the 
age of thirty, to the revolutionary conception that the actions of 
animals may be largely explained on a physicochemical basis He 
took from the botanist, Julius Sachs, the idea of tropisms and applied 
it to animals He sought a mechanistic explanation of animal conduct 
which should drop the question of purpose and reduce the reactions 
of animals to quantitative laws His researches m this field are sum¬ 
marized in English m two volumes, “ Comparative Physiology of the 
Brain and Comparative Psychology w (1900) and "Forced Move¬ 
ments, Tropisms and Animal Conduct*’ (1918) 

He next undertook to control the growth and form of animals by 
physical and chemical means The studies in this field, which he 
named “Physiological Morphology,” covered a very wide range and 
continued to reccne his attention up to the time of his death The 
goal at which he aimed was to secure the same degree of control over 
living matter that the chemist and physicist have over their material 
and he felt that the best prospect of success lay m applying their 
methods to biology 

It was characteristic that in the pursuit of these researches he was 
prompt to utilize recent discoveries in physical chemistry, particularly 
those connected with the ionic theory and the theory of osmotic pres¬ 
sure From 1807 on he published papers applying these theories to 
biological phenomena and they may be said to form the leitmotif of 
his subsequent work Out of them arose, almost at once, two im¬ 
portant discoveries, antagonism and artificial parthenogenesis Both 
resulted from experiments of the simplest kind, carried out on marine 
organisms 

It was found that the fish, Fundidus, can grow and develop in dis¬ 
tilled water but soon dies if sodium chloride is added The addition 
of other salts, particularly those of potassium and calcium, which are 
themselves toxic when they alone are present, produces a harmless 
solution Loeb called this a balanced solution, that is, one in which 
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the toxic effects of one substance are offset by the antagonistic action 
of other substances This conception proved to be a fruitful one. 

As the result of subsequent experiments he concluded that these 
facts may he accounted for by the effects of the antagonistic substances 
on the permeability of the protoplasm. It may be added that his 
experiments on permeability, which covered a wide range, led to the 
conclusion that Overton’s hypothesis is untenable 

His experiments on artificial parthenogenesis may be truly called 
epoch-making In 1913 he reviewed them in a volume entitled 
w Artificial Parthenogenesis and Fertilization” (following the pub¬ 
lication of two volumes on this subject in German) He continued 
work m this field for some years after the publication of this volume. 
He aimed at a complete analysis of the mechanism of fertilization, 
development and heredity His work on fertilization indicated that 
the principal function of the sperm m stimulating development is to 
carry into the egg a substance which produces a surface change leading 
to the production of the fertilization membrane This effect could be 
brought about, independently of sperm, by a variety of physical and 
chemical agencies 

At the same time he succeeded in finding means to bring about 
crosses which never occur in nature By a slight change in the com¬ 
position of the sea water, eggs could be fertilized by sperm of other 
species which could not normally enter the egg 

In the course of these studies a great number of questions presented 
themselves which excited his keen interest The variety and extent 
of these problems can only be realized by a careful consideration of the 
contents of the volumes entitled w Studies in General Physiology” 
(1905), “Dynamics of Living Matter” (1906), “The Mechanistic 
Conception of Life” (1912) and “The Organism as a Whole” (1916) 

Among these subjects may be mentioned the r61e of oxygen in 
metabolism, toxicity and development. Another in which he was 
deeply interested is the cause of natural death and the means of 
lengthening life In the course of these studies he found that in 
certain cases low temperature prolongs life to a remarkable degree 
In this connection it may be recalled that the first studies on the tem¬ 
perature coefficient of the heart beat and of the transmiasion of 
stimuli in nerves were made by his students. 
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Another investigation which he initiated, and which grew naturally 
out of these studies, showed that the electric potentials existing in the 
organism can, in many cases, be accounted for qualitatively and quan¬ 
titatively by relatively simple means, and that they can be imitated 
to a considerable extent by artificial models 

As he truly said, many biologists accept a mechanistic explanation 
of various functions of the organism but fail to employ mechanistic 
conceptions in dealing with the larger problems of organisation and 
adaptation. It was, however, precisely these problems which fas¬ 
cinated him and he did not hesitate to attack them from his point of 
view. He showed that many characteristics of the organisms which 
are regarded as adaptive may be explained on a mechanistic basis 
He felt that here, as elsewhere m biology, progress requires quan¬ 
titative investigation and with this in view he began the quantitative 
studies on regeneration upon which he continued to work until his 
death His latest book, "Regeneration, from a Physico-Chemical 
Viewpoint” (1924), is devoted to this subject. 

His work began, as was said, with questions concerning the freedom 
of the will But he found that in order to study these he must attack 
the simpler problems involved in the behavior of lower organisms 
These in turn required for their understanding a study of the physical 
and chemical reactions on which they are based. It is, therefore, not 
surprising that in the closing years of his life he came to devote his 
attention almost wholly to the properties of colloids, upon which life 
phenomena so largely depend. In a recent volume on "Proteins and 
the Theory of Colloidal Behavior' 9 (1922) he contends that the be¬ 
havior of colloids may be explained by the ordinary laws of chemistry 
without recourse to theories based on adsorption. As in earlier re¬ 
searches he had found a due to the solution of many problems by 
applying the theories of electrolytic dissociation and osmosis, so in 
the work of his later years he discovered a guiding principle m the 
theory of the Donnan equilibrium By applying this he was able to 
give quantitative explanations of some of the most important proper¬ 
ties of proteins and to reduce them to simple mathematical laws. 
These studies; important for chemistry as well as for biology, form a 
fitting termination of his activity. 

Urns dosed a career rich in the joy of pioneer adventure in fresh 
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fields of thought, abounding in brilliant discoveries, and splendidly 
stimulating far beyond the boundaries of biology It will always 
stand out as a prominent feature of the progress of biology toward the 
status of an exact science It is a career which reveals everywhere a 
creative imagination and capacity found only in minds of the highest 
order 

W J V Ohterhout. 

THEOPHIL MITCHELL PRUDDEN (1849-1924). 

Follow in 01am II, Section 4, 1904 

Theoplul Mitchell Prudden was born in Middlebury, Connecticut, 
July 17, 1849 His father, George Peter Prudden (1816-1872), 
Yale 1835, a clergyman living in Medina, New York, Middlebury, 
Southbury, and Watertown, Connecticut, was a descendant of the 
seventh generation of Reverend Peter Prudden, founder and pastor 
of the First Church in Milford, Connecticut His mother, Elisa 
Ann Johnson (1819-1889) of South Britain, Connecticut, was a 
daughter of Eben Johnson and Sally (Mitchell) Johnson 
His early boyhood was spent in country parsonages and he attended 
public and private schools in several New England towns He pre¬ 
pared for Yale at Wilbraham Academy, Wilbraham, Massachusetts 
He received from Yale the degree of A B in 1872, M D m 1875, and 
m 1897 the honorary degree of LL D In college he took the bio¬ 
logical course and from 1872 to 1874 instructed m chemistry His 
education was paid for largely by his own earnings and throughout 
his early years simple living was a necessity None the less, he re¬ 
ceived several honors and a prise in mineralogy 
Attracted by several fields m science, he chose the study of medicine 
because he thought that he could contribute most there to mankind 
He spent a year in hospital service in New Haven and two years in 
post graduate medical work in Germany. In 1878 he was brought to 
Columbia University by its late Professor Francis Delafield as his 
assistant in the newly formed Department of Pathology In 1882 
he worked with Robert Koch m Germany upon the bacteriology of 
tuberculosis, and in that year was made Director of the Laboratory 
of the Alumni Association of the College of Physicians and Surgeons. 
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In 1892 he became Professor of Pathology in the College of Physicians 
and Surgeons in Columbia University, New York City, In 1909 he 
resigned because of poor health and became Emeritus Professor. 

Professor Prudden was one of a few pioneers noted for their in¬ 
fluence in stimulating and guiding the development of scientific 
medicine in this country This type of service rather than any out¬ 
standing discovery distinguishes his career, though his own scientific 
contributions to medicine were numerous and of no little importance 
Had he lived in an older country and been one of many engaged in 
research in pathology, instead of a very few, his energies might have 
been expended more completely m the laboratory The character of 
his earlier researches indicate the probability of truly great achieve¬ 
ments, for he possessed ideas which have been developed only in 
very recent years, as are indicated by his publications upon Irving 
structures of cartilage, of blood, and the action of bacteria m the 
living body 

As it was, his most important work was in organizing and developing 
research and public health service He was largely responsible for the 
development of the New York City Board of Health, especially m 
its laboratory aspects, an institution that antedated Koch’s Hygienic 
Institute in Berlin and which has contributed enormously to the 
methods of preparation of antitoxins, vaccines and to the control of 
rabies, tuberculosis, diphtheria and the venereal diseases As Vice- 
President and member of the Board of Directors of the Rockefeller 
Institute of Medical Research since its establishment and as member 
of the International Health Board of the Rockefeller Foundation, he 
had extended opportunities for useful influence The organization of 
the New York State Board of Health, with all its ramifications, 
county laboratories and the resulting State Association of Public 
Health Laboratories, is largely the result of Dr Prudden’s en¬ 
deavors. 

Dr. Prudden's personality will be suggested by a quotation from 
a private letter. "His erect, slender figure had an air of distinction 
in any company He was dignified, quiet, and too modest to allow 
many to know him intimately, but because of these qualities there 
was a rare charm in his conversation as in his writings. So strong 
was his friendly interest in the problems and needs of his friends 
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that he was always ready to take endless pains to help than with 
advice, suggestion or criticism, if asked ” 

In the classroom and in the direction of his laboratory he was rigid 
and exacting in maintaining a high standard of work Every manu¬ 
script from bis laboratory, and the list of publications is a large one, 
passed through his hands and was carefully read and criticised, and 
his own high standards applied as a test The publications of his 
laboratory have had a permanent value and stand today as an im¬ 
portant part of the foundations of pathology in this country. The 
Text Book of Pathology by DelaSeld and Prudden has gone through 
twelve editions In its present form it is largely the work of Professor 
Prudden and is perhaps the most widely used book of its sort in this 
country He was also the author of a number of popular books, 
among them “ Dust and its Danger” in 1894, which is regarded by 
sanitary engineers as a classic of its kind 

Outside of the medical sciences, American anthropology and ar¬ 
cheology occupied Prudden’s interest One summer, 1873, he spent 
in Nebraska searching for fossils with Professor O C. Marsh. He 
spent eight summers on the western deserts, in Colorado, Utah, 
Aruona and New Mexico, with pack tram, exploring the habitations 
of the cliff dwellers and the desert structures of the prehistoric races 
in the neighborhood of the Grand Canyon of the Colorado River. 
Some of his observations were published in 1607 in a book entitled . 
“The Great American Plateau.” The objects and information he/* 
collected were presented by him to Yale University and to the 
American Museum of Natural History. 

Professor Prudden was a member of the National Academy of 
Sciences, the American Anthropological and Ethnological Associa¬ 
tions, the Archeological Institute of America, and of many medical 
societies. He died April 10, 1924. After his retirement aa Pro¬ 
fessor in Columbia University his active work was on the Board of 
Directors of the Rockefeller Institute and the Public Health Council 
of the State of New York. 

He was unmarried. In his early life he displayed rare initiative, 
unusual scientific interests and abilities During what should have 
been his productive period, he gave his energies and talents to the 
development of teaching, the training of investigatory and application 
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of his subjects to the public welfare. In these fields he evidently 
felt that he could accomplish more of real service «h*w by his in* 
dividual efforts in the laboratory 

By nature modest, shy and sensitive, absolutely devoid of political 
guile, the best measure of his ideals and abilities is his successes towards 
the solution of great problems of public health service 

S B WOLBACH. 

LINCOLN WARE RIDDLE (1880-1921) 

Fallow in Claaa II, Section 3, 1015 

Doctor Lincoln Ware Riddle was born at Jamaica Plain, Massa¬ 
chusetts, October 17,1880, and died at his home, 123 Walker Street, 
Cambridge, Massachusetts, January 16, 1921 He was fitted for 
college at Roxbury Latin School and a private school in Boston. 
While pursuing his work in the former school he became interested in 
plant life and decided to make botanical science his life work With 
this object in view, he entered Harvard University, from which in¬ 
stitution he graduated m 1902 Four years later he received the 
doctorate m philosophy from his Alma Mater and began his career 
as an instructor in Botany at Wellesley College He was made full 
professor at Wellesley in 1917 and held the position but two yearn 
when he was recalled to Harvard as assistant professor of Crypto- 
* gamic Botany. A year’s leave of absence from Wellesley, in 1913, he 
spent in Europe, where he worked with several eminent botanists in 
a number of institutions and herbaria. He became an associate 
editor of the Bryologist in 1911 and retamed the position until the time 
of his death in 1921 In this position be contributed several papers on 

lichens and had general charge of the work on lichenology. 

I first learned of the young botanist, when during his first year at 
Wellesley, a letter was received in which inquiry was made regarding 
a number of matters licbenological. The correspondence begun at 
this time extended through 16 years and was terminated by Doctor 
Riddle's death in 1931. More than 40 letters were exchanged, and 
the letters received by me are still on file in my office. In these 
letters are discussed the plans and ambitions of the young, enthusi¬ 
astic, welt-trained, and rapidly growing lichenist, whose life work 
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was, very unfortunately, rut off before he could accomplish more than 
a small portion of the research which he had planned, to say nothing 
of more which would doubtless have been considered, had he been 
spared to many years of usefulness Many fine qualities are reflected 
in his published writings, which showed plainly the premise of yet 
better results to follow 

The first letter contains a statement of interest m lichens, extending 
back through several years, and an expression of the hope that, with 
the collections of Clara E Cummings, whom he succeeded at Wel¬ 
lesley, and the great collections of lichens at Harvard, including the 
Tuckerinan Herbarium, he might tie able to do some valuable work on 
lichens The early letters consisted largely of solicitations of advice 
and aid; and there was always an expression of keen appreciation 
But he had the advantage of the Tuckerman Herbarium and other 
large collections of lichens at Harvard, and his facilities for work were 
superior, so far as authentic herbarium material for comparison was 
concerned Consequently, he grew rapidly into a lichenist of ex¬ 
cellent ability, and in the last years of his life the flow of specimens for 
determination ran about equally m two directions, each man sending 
specimens from groups of lichens m which the other was especially 
interested So broad had become his knowledge of lichens and so dis¬ 
criminating his judgment regarding specific characters that it was a 
great advantage to be able to send to him herbarium specimens from 
genera which he was studying for publication. 

It is the lot of scientists who correspond widely with other workers 
to know some of their co-workers only through the exchange of letters; 
and yet a thoroughly cordial friendship often springs up, even with 
workers in foreign lands, the correspondence often dealing with 
matters quite foreign to the common scientific interest. Thus, for 
more than a decade after the correspondence between Doctor Riddle 
and the present writer began, there was no personal acquaintance* 
Yet the letters retained give ample evidence of the cordiality of the 
friendship of the young hchemst It was my privilege, while studying 
at Harvard in 1015, to meet my hitherto long-distant friend, both in 
the herbarium and in his home From what I learned through per¬ 
sonal touch, and earlier and later through correspondence, I can 
appreciate fully the words of three Harvard botanists, Thaxter, 
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Oaterhout, and Fcmald, in a short sketch in Science, for July 1, 1921 
These eminent botanists wrote as follows regarding his character — 
“In his relations with his fellows he was the soul of honor and loyalty, 
with a personality that drew all men to him In the class room his 
sympathy and friendliness, as well as his clarity of style, made his 
teaching attractive* His devotion to his students was noteworthy 
and his influence great and lasting In the circle which mourns him, 
his careful scholarship was widely esteemed, he was honored by all for 
his inspiring ideals, and, beyond the lot of most men, he was sincerely 
beloved ” 

Early in my sojourn at Harvard in 1915 came an eagerly accepted 
invitation to a week-end visit in the Riddle home at Wellesley, where 
Mr and Mrs Riddle made me feel very much at home This visit 
was filled with enthusiasms such as scientists know very well, the 
particular field of interest varying of course In this instance, the 
interest centered upon hchenology, a branch of science in which 
workers are comparatively few so that one must seek his companion¬ 
ship largely through correspondence with men in various parts of his 
own country and m foreign lands as well With workers so scattered, 
it requires more determination to keep at work, and those who are 
doing research appreciate very greatly the opportunity for inter¬ 
change of ideas at close range On the occasion of my visit, specimens 
and methods were gone over enthusiastically, Mrs Riddle being a 
much-interested listener and often taking part m the discussions 
Besides these professional interests, the town and the college furnished 
ample opportunity for exercise and diversion* While at the college, 
I discovered something of Doctor Riddle’s interest m teaching, his 
methods, and his success While walking through the streets of 
Wellesley and meeting various citizens, I learned of his interest m 
local matters both civic and religious, and it became apparent that 
he was a very useful citizen, much appreciated in the community as 
well as in the college. 

During my sojourn at Harvard, my co-worker made several trips 
to Cambridge to consult material in the Cryptogamic Herbarium of 
Harvard University, and it was here and in his home, where he did his 
microscopic work and made notes, drawings, keys, and descriptions, 
that my high opinion of his methods and results, obtained through his 
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letters and his published papers, was verified by first-hand observation. 
While at Harvard, I was working on the Graphidaceae, and it was my 
privilege to determine a considerable number of spe cim e n s of this 
family sent to him from Mexico, Bermuda, Jamaica, Porto Rico, and 
elsewhere For this I was amply repaid by the help that I received 
from him on lichens of other groups 

The first letter mentioned above, came to me from the young en¬ 
thusiast in 1907. In this letter Doctor Riddle made the following 
statement regarding his plans*—"As you know Miss Cummings* 
bchen collection has been added to the Cryptogamic Herbarium of 
Wellesley College Having been interested in lichens for several 
years, I desire to acquire as good a knowledge of systematic Kchen- 
ology as I can, that proper use may be made of the nch collections 
left by Miss Cummings ” In a letter received early in 1909, a state¬ 
ment occurs regarding the helpfulness of "practice in the determina¬ 
tion of fungi under Prof. Thaxter and Prof Farlow ”, and mention is 
made of a realization of the dangers of "hasty publication ” The 
young Hellenist’s first work of note was done on the genus Stereocauhm 
and published in 1910 My specimens of the genus were studied by 
him in 1909 In returning the specimens he said—“the separation 
of ‘paachale’ and ‘ UmenUmm' is the hardest problem in the whole 
genus," a statement which will doubtless seem reasonable to all who 
have worked on species of Stereocaulon. 

Early in 1912, he wrote that he expected to sail for Europe in June, 
and November brought a letter from Geneva, Switzerland. In this 
letter, I was informed that he had worked during August and Sep¬ 
tember at Kew, spending some time also m the British Museum and 
at the Lmnaean Society. He wrote especially of the excellent con¬ 
dition of the lichens at Kew, these having been studied and arranged 
by Dr. O V Darbishire. From London he went with his family to 
Geneva to spend the winter. Part of the time here was spent with 
Professor R. Chodat “learning his methods of studying the green 
algae in pure cultures.” The remainder of the time was spent in 
studying lichens in the herbaria, especially the Mtlller-Argau col¬ 
lection at Herbier Boissier From Geneva the itinerary passed to 
Paris, and Helsingfors Mid Upsala were readied later Leyden w«s 
to be readied if possible to study the Persoon types and Stockholm to 
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study the Swart* types; but my correspondence does not tell me 
whether this part of the plan was realized. In closing a long letter 
written in Geneva, Doctor Riddle says very interestingly—"I do not 
know whether you mix sentiment with your Botany or not But I 
have a great veneration for the historical side of Systematic Botany 
and much interest in the lives and voyages of the botanists of the 
past. These feelings have been fostered by an intimacy, dunng 
nearly twenty years, with the 'Letters of Asa Gray/ One of the 
treats, therefore, of this sojourn in Geneva has been working at the 
De Candolle Herbarium and library I have enjoyed it all the more 
because I have been reading at the same time the ‘memoirs’ of the 
first De Candolle/’ 

A considerable number of things were projected before going to 
Europe, while there, and after the return, which were never com¬ 
pleted. One of these was a study of the Lecideaceae, mentioned in 
1906, before young Riddle had published his first paper on lichens. 
In 1909, while writing about the work on Stereocaulon , he said*— 
“The only other genua in which I should care to express a critical 
opinion is Fonnana I have been studying that genus and have re¬ 
cently been over the material in the Tuckerman Herbarium and m 
the Herbarium of the New York Botanical Garden If you have any 
doubtful specimens of Pannana, I should be glad to have a try at 
them ” In 1910 he wrote that he was studying Ramdtna and Cetraria 
and asked to see material which I had recently collected on the islands 
of Puget Sound. Another project which never came to light was "a 
set of analytical keys” to North American lichens. 

In 1912, he wrote regarding the work on Mias Cummings’ Jamaican 
lichens, which was published w the same year in a 15-page paper, 
containing 11 or 12 new species. In conclusion he said —“Now I 
have another set of about 200 numbers of Jamaican lichens, as well 
as all of Pringle’s Mexican Lichens to work up, so fate seems to have 
decided that the lichens of tropical America are to be my life-work/’ 
Following this the tropical lichens collected by Doctor Britton and 
others who went to tropical America from the New York Botanical 
Garden were examined. In 1914 came information regarding a paper 
on Migatoipara, and in the same letter was the statement that he 
was working on the lichens for Doctor Britton’s Flora of Porto Rico. 



642 


PROCEEDINGS OF THE AMERICAN ACADEMY 


In 1917, Doctor Riddle agreed to prepare the manuscript for the 
Arthtmtaceae for the North American Flora, and I sent to him the 
members of the family which I had collected in Porto Rico, In reply 
he wrote as follows’—“I am delighted to have all those Arthonuu, 
and they will be invaluable to me both for the Porto Rico work and 
the North American Flora ” After his appointment as assistant pro¬ 
fessor of Cryptogannc Botany at Harvard, he wrote thus —“ I now 
hope that I shall be able to realize my dream of writing a manual of 
the lichens of eastern North America With daily access to the 
Tuckerman and the Farlow Herbaria I ought, certainly, to be able to 
accomplish something worth while in the lichens ” 

At this point it will be interesting to analyze some of the views of 
this young and efficient worker He and the writer were in accord 
respecting the fungal nature of lichens, but he believed that the as- 
comycetous lichens should be kept distinct on account of their peculiar 
form of parasitism and the resulting peculiarities in vegetative struc¬ 
ture Regarding other lichens than ascomycetous, Doctor Riddle was 
m accord with my views, believing that these lichens, m which the 
vegetative structure had not been greatly modified by the peculiar 
form of parasitism, should be distributed The young lichemst held 
very nearly the same view as Doctor Farlow, differing from that of 
Karl M Wiegand, under whom he worked at Wellesley College, in 
that the latter botanist believed that all lichens should be distributed. 
However, I find from our correspondence that Doctor Riddle had 
readied his conclusion, which he regarded a tentative one, wholly in¬ 
dependently of those with whom he had studied I may say further 
that passage from the belief that some lichens should be distributed 
to the belief that all should be distributed is an easy one, espedally 
since vegetative structure should not play a very important part in 
classification 

We can arrive at some of Doctor Riddle's views through a consider¬ 
ation of his rather detailed review of "The Lichens of Minnesota/' 
He was m agreement with respect to general treatment, generic and 
specific limitations, the citations of type species, uniform treatment 
of forms of sub-specific rank, the inclusion of few new species, and 
most other considerations He did not agree regarding the sequence 
of orders, but would place the pyrenomycetou* lichens first and 
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modify the position of other coordinate groups accordingly He said 
that "for those who hold the view that the lichens represent lines of 
evolution in a different direction from other fungi, a position for the 
lowly organized Pyrmotochene* at the beginning of the system seems 
more natural ,f I held the position that the lichens had branched off 
from other asccmycetes at several points, and that their arrangement 
should be similar to that of other ascomycetes, carpologic structure 
taking precedence over vegetative organization m determining posi¬ 
tion With respect to the matter of specific names, Doctor Riddle 
regarded me "ultraconservative ” I may quote him as follows — 
"where an author of high standing shows that a specific name should 
be replaced by another on the basis of well-founded priority, there 
seems to be no good reason for not accepting the new name ” I was 
in agreement with the principle involved in the criticism and readily 
admit that there was much ground for it 

In our correspondence, there was some discussion of lichenists and 
the literature of hchenology Doctor Riddle was, of course, much 
interested in the voluminous publications of Doctor Vauuo on 
tropical lichens, these papers being the best thmg ever published on 
the subject and their author knowing more about tropical lichens than 
any other lichenist of the past or the present I am not certain that 
the two men met at Helsingfors, but I think that they did I suppose 
that Doctor Mtlller (Mttller-Argau) and Doctor Zahlbruckner came 
next in esteem. Doctor Nylander was mentioned several times, but 
I cannot give Doctor Riddle's estimate of this man, who was in his 
prune in the days of Doctor Tuckerman I am certain that the 
American lichenist, Doctor Tuckerman, was highly regarded, as he 
richly deserved. 

1 know no place in America where one ooukl have a more excellent 
environment for gaining a wide knowledge of mycology, including 
Hcfanology, than Harvard University at the time when Doctor Riddle 
was there. Here were two mycologists of ripe experience and a 
breadth of knowledge of the whole field scarcely surpassed Added 
to this were the unusually fine collections. To this favorable environ¬ 
ment came a man admirably qualified to take advantage of it. The 
result was a rapid growth into a lichenist possessing a wide knowledge 
of the field, and it is my judgment that no more able or broadly 
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trained man has graced this field of botanical research in my time. 
True, others have lived longer and have therefore been able to ac¬ 
complish more, but it is doubtful whether any worker has gamed more 
rapidly in ability to accomplish good results m research m a field m 
which such accomplishment is much needed Doctor Riddle showed 
a genuine love for systematic hchenology, and this rested on a broad 
training in biological science and special training m modern mycology 
He was becoming more and more interested in tropical lichens, and he 
would doubtless have contributed greatly to our knowledge of the 
tropical groups, had not his life-work been cut short at the tune when 
he was ready to accomplish his best results If the work on the 
lichens of Porto Rico, the manuscript on the Arthomacrac , and the 
manual on the lichens of Northeastern North America could ha\ e been 
finished, mycological science would have been greatly enriched 

While a student at Harvard, the subject of this memoir had the 
advantage of excellent training m Mycology and had done a good deal 
of work on fungi, though he had published little After his return 
to Harvard he again began to give time to fungi other than lichens 
Regarding this he wrote as follows —“I have done a good deal of 
work on fungi this year, especially the Spkenaks, and that together 
with organizing my courses here has kept me pretty busy ” The 
last paper to appear, “Observations on the genus Acrotpcrmum” is 
the only publication that resulted from these latest activities, which 
were the natural result of being placed in charge of courses in mycol¬ 
ogy. In these days when such courses do not attract many students, 
he wrote thus '—“1 have enjoyed my work this year immensely My 4 
advanced course m mycology has been larger and more interested 
than I had expected ” This was written at the close of the first 
year of the professorship at Harvard and only seven months before his 
death 

Cut down in the prime of life, Doctor Riddle left, in the papers 
cited below, a considerable number of new species and much in way of 
general notes and in critical treatment of certain groups. This was 
all published in about 14 years, and it is probable that results would 
have followed much more rapidly in the next decade, had this ef¬ 
ficient worker been spared There is need of many such able workers 
in hchenology, and it is earnestly to be hoped that they may appear. 
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The remuneration is mainly such as our departed friend sought,—the 
enjoyment of the work and the pleasure of doing something that will 
aid others m securing desired information and m obtaining a larger 
view and a better enjoyment of nature 

Appended below is a hst of works published by the subject of this 
memoir Perhaps notes, including lists of new species, should have 
been included, but workers would wish to consult the sources of in¬ 
formation in any event Therefore, such an addition to this memoir 
seems scarcely mwssary 

Doctor Riddle's Botanical Publications 

Contributions to the cytology of the Entomophthoraceae, preliminary 
discussion Rhodora 6 . 67, 68 1906 

On the cytology of the Entomophthoraccac Proc Am Aead Arts 
Sci 43 * 177-195 pi 1-3 1906 

Notothylas orbicularis in Massachusetts Rhodora 9 : 219, 220 
1907 

Notes on some lichens from the Gaspl Peninsula Rhodora 11: 
100-103 1909 

A key to the species and principal varieties of Cladoma occurring in 
New England Rhodora 11: 212-214. 1909 

Preliminary lists of New England plants,—XXIII Cladontaccar 

Rhodora 11: 215-219 1909 

The North American species of Stercocaulm Bot. Gaz 60 : 285- 
304 f. 1-9, 1910 

"The Lichens of Minnesota/’ a review Bryologist 13: 97-100 
1910, 

The rediscovery of Parneha tophyrea , Bryologist 14 : 35 1911 

The lichen-flora of the Santa Cruz Peninsula, a review Bryologist 
14 : 6, 7. 1911 

An enumeration of the lichens collected by Clara Eaton Cummings 
in Jamaica Mycologia 4 : 125-140 1912, 

Review* A recent contribution to the ecology of mosses Bryologist 
15 : 67-69 1912, 

Report cm the lichens in N L Britton. The vegetation of Mona 
Island. Ann Missouri Bot Gard 8: 35, 36 and 51-53. 1915 
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An undescribed species of Cetraria. Bryologist 16:17, 28. 1916. 
The lichens of Bermuda Bull Torr. Bot. Club 41:145-160. 1919. 
Report on the lichens in N L. Britton Hie vegetation of Anegada 
Island Mem New York Bot Gard. 6: 579,680 1916. 

Some noteworthy lichens from Jamaica Bull. Torr. Bot. Club 46: 
321-330 pi. 21 1917. 

The genus Parmehopsu of Nylander. Bryologist 90: 69-76 f, 
1, 21. pi 20 1917 

Pyrenothnx nigra gen et sp nov Bot Gas 64 * 513-516 f 1-4. 

1917 

Some extensions of range Bryologist 21: 50 1918 

Report on the lichens in N L. Britton The Bora of the American 
Virgin Islands. Mem Brooklyn Bot Gard 1: 109-115 f 1-3 

1918 

Chapter on lichens in N L Britton The flora of Bermuda. 470- 
479 New York, Charles Scribner’s Sews, 1918. 

William Gibson Farlow. Rhodora 22:1-8 1920 

Observations on the genus Aerotpermum. Mycologia 12:175-181. 
pi 11 1920 

Bruce Fink. 


WALLACE CLEMENT WARE SABINE 1 (1868-1919). 

Fellow in C1»M I, Section 3, 1804 

Our colleague, Wallace Clement Ware Sabine, was born in Rich- 
wood, Ohio, June 13, 1868 According to tradition, four racial 
strains were joined in him, each of his four names representing some 
family of his ancestors, one Scotch, one Dutch, one English, one 
French The Sabines, supposed to be of Huguenot stock, came to 
Ohio from New England in the early part of the nineteenth century. 
The Wares, his mother’s family, of Englhh Quaker antecedents, came 
there about the same time, probably from New Jersey. (X h» father's 
father, John Fletcher Sabine, the son of a circuit preacher, we are 

, 1 Much of what is given m this paper u contained in a Minut* presented to 
the Harvard Faculty of Arte and Sciences on March 16,1919. A ttueh fuller 
biography of Frofciaar Sabine has been written, far the author of the prase* 
paper, for the National Academy of Scuaoea ana it should appear in prut 
during the year 1925 
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told, “He was of such gentle disposition that in manhood he re¬ 
nounced the stern faith of his father and came to believe that 'all 
men would be saved.’ ” “He died at the age of eighty-nine, 
with mind as vigorous and clear as in youth, with a remarkably re¬ 
tentive memory His wife was Eupheznia Clement, a gentle, in¬ 
dustrious, reliable wonuui Hylas Sabine was their oldest son ” 

Of his mother’s father, Jacob Reed Ware, it is written, “ He was one 
of the early, ardent abolitionists and lived on the most direct line 
from Southern slavery to freedom in Canada” “Untiring of 
body, alert of blind, and exceedingly strong of purpose, he lived in 
perfect health, with such simple habits that at the age of ninety-eight, 
without disease, he fell asleep ” “J R Ware married Almira Wallace, 
a woman of force and uprightness Anna Ware was their first 
daughter ” 

To those who knew Sabine well this brief family history is deeply 
significant Gentleness, courtesy, rectitude, untiring energy, fixity 
of purpose that was Like the polarity of a magnet, all these traits we 
find m him. It is interesting and impressive to see how the individu¬ 
alism and stem conscience that made his ancestors on the one side 
Quakers in England and on the other side, probably, Protestants in 
France found expression m him, under changed intellectual conditions 
He was of the very stuff of which martyrs are made, in fact, he died a 
martyr to his sense of duty, but, with an austerity of morals and a 
capacity for devotion which none of his conspicuously religious fore¬ 
fathers could have surpassed, he held aloof, silently but absolutely, 
from all public profession of religious creed, and he took small part 
in religious observances 

As a child he was allowed to develop without forcing, but such was 
the natural vigor of his mind that he gutted the degree of A B. at 
Ohio State University at the age of eighteen. He is said not to have 
specialised in his college studies, but he had in Professor T. C. 
Mendenhall an inspiring teacher of physics, and his early interest in 
scientific matters is shown by the fact that he attended a meeting of 
the American Association for the Advancement of Science held in 
Philadelphia in 1881, when he was sixteen years old. On leaving 
Ohio State University in 1886 he came to Harvard as a graduate 
student in mathematics and physics, and he received the Harvard 
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A M in 1888 From 1887 to 1889 lie held a Morgan Fellowship, but 
in the latter year he became an Assistant in Physics Bather early 
in his Harvard residence he was taken by Professor Trowbridge as 
partner in a photographic study of the oscillating electric discharge, 
and he showed a remarkable aptitude for work of this kind, requiring 
high experimental skill, yet he never became a candidate for the 
Ph D Absorption in the work of teaching prevented him for several 
years from engaging deeply m further work of research He spent 
his energy and his talents in building up courses of laboratory work, 
designing and making apparatus for instruction and in every way 
practicing with devotion the profession of a teacher It is not too 
much to say that, for the fifteen years preceding his taking the 
duties of a Deanship, he was the most effective member of the De¬ 
partment of Physics m giving inspiration and guidance to individual 
students of promise. This was due in part to his comparative youth, 
though no one of the Department was repellently old; in part to his 
sympathetic willingness to give help and to spend much time in giving 
help, though others were not lacking in this quality. It was perhaps 
due mainly to the fact that, while he was no more deeply versed than 
others m the profundities of physics and mathematics, he had a 
peculiarly clear vision for the right kind of experimental problem and 
for the best way of attacking it, and his students instinctively, it may 
be, perceived this 

For a long time he seemed to be content to remain m comparative 
obscurity, while directing others into paths of conspicuous achieve¬ 
ment He was made Assistant Professor of Physics in 1895, after six 
years of teaching, in which he published little or nothing descriptive 
of research This was partly because he had a most severe standard 
for what a research paper should be, it should describe some piece of 
work so well done that no one would ever have to investigate this 
particular matter again. To this standard he held true, with the 
result that his published papers were remarkably few and remarkably 
significant 

One might have expected him, when he found tune for research, 
to take up some problem in light, for that had seemed to be his chief 
field of interest, but accident, and a sense of duty, turned hhn to a 
different quarter The Fogg Art Museum at Harvard, on its com- 
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plction in 1895, proved to have an auditorium that was monumental 
in its acoustic badness, and President Eliot, not fully realizing the 
importance of the step he was taking, but acting with his usual sure 
judgment of men, called upon Sabine to find a remedy, as a practical 
service to the University With this warrant for diverting some of 
his energy from teaching, Sabine entered upon an investigation which 
proved to be las most conspicuous scientific work Though he was 
dealing with a new structure, he was attacking a practical problem as 
old as the institution of public buildings It had never been solved 
before m any thorough-going manner He did solve it, and he did 
this not by urtue of any extraordinary resources given by modem 
science He did it in such a way as to show that it might have been 
done by a man like him centuries before Not only did he cure the 
defect of the particular room that first engaged his attention, he went 
on with hw study till he could tell m advance what the acoustic 
qualities of a projected auditorium would tie, and his visible instru¬ 
ments m all this achievement were organ pipes, common fabrics and 
materials, and the unaided human ear 

Was it, then, so easy and simple a thing to do? Did he merely 
happen to find the solution of a difficulty thousands of years old 9 No 
He succeeded by reason of a combination of qualities, among which 
were unending patience and untiring energy He must work m the 
small hourB of the night, when other men had ceased from their noisy 
labors and when street-cars were infrequent; he must, for certain ends, 
work only m the summer, when windows could be kept open, in the 
early summer, liefore the crickets began their nightly dm He must 
work with the most scrupulous regard for conditions that to another 
might seem trivial He once threw away the observations of months 
because he had failed to record the clothes he wore while at his work 
Such was the difficulty of his undertaking, on the more physical side, 
and such the rigor of his devotion to it We say of such a man, it is a 
pily he died so young, if he had taken care of himself, had been regular 
in his meals and in hb hours of sleep, he would have had a long as well 
as a useful life, Yes; but a man must work according to hb nature, 
and Sabine's temperament was not that of the ordinary man, not that 
of the ordinary scientific investigator. Some of the high things he 
did could not have been done by a man who must be regular at hb 
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meals and regular m his hours of sleep When we remember how 
long the plagues he grappled with had baffled the efforts of others, 
and with what intensity of labor he exorcised them, it seems not ir¬ 
reverent or unfitting to recall the words " This kind goeth not out but 
by prayer and fasting/' 

The establishment of a Graduate School of Applied Science, in 
place of the undergraduate Lawrence Scientific School wbich had 
existed at Harvard for a long time, was the result of a movement led 
by Sabine in 1906 

He took the Deanship of the Scientific School reluctantly, at the 
urgent request of President Eliot, but he threw himself into the 
duties of the office with characteristic energy, devotion, and eleva¬ 
tion of ideals It was his ambition to make this school as good 
as any school of applied science anywhere, and he strove for that 
end 

When this Deanship ended, he returned gladly to the work of 
teaching and research, 1 and but for the war he would probably have 
had before him a long career of growing usefulness and fame, and 
would have lived to a vigorous old age according to the habit of his 
ancestors. But from that fiery furnace into which other men were 
drawn by millions he could not hold himself back He would have 
felt recreant if he had escaped unscathed. Going to France in 1916, 
with the intention of giving a course of lectures as Exchange Professor 
at the Sorbonne in the fall, he engaged during the summer m humani¬ 
tarian work which took him to Switzerland. Overtaxing himself in 
this, he was attacked during the fall, while in Paris, by a disease which 
nearly ended his life and compelled the postponement of his Sorbonne 
lectures. When he was able to be moved, he went back to Switzer¬ 
land, this tune as a patient, but he gained strength, studying French 
constantly meanwhile, and m the spring of 1917 gave his lectures, on 
architectural acoustics, in Paris. These ended, he went through some 
months of extreme activity in the technical science service of the allied 
governments Returning to America in the late fall, he went on with 

1 A special raearch laboratory was bmlt for him at Geneva, Illinois, by his 
mead Colonel Fabyan an energetic and successful merchant of Chicago, 
This laboratory stflf beam Sabine’s name, and investigation* m acoustics am 
earned on there, with the support of Colonel Fabyan, by Doctor Paul Sabine, 
a cousin of Wallace 
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similar work in Washington, and elsewhere, coming to Cambridge for 
h» lectures every week, eating and sleeping where and when he could, 
always too busy for the surgical operation which his physical condition 
demanded He refused military rank, declaring, with that severity 
of judgment which sometimes verged upon intolerance, that the uni¬ 
form should be worn only by those who were subject to the dangers 
and labors of the front But be risked his life constantly, and 
at last fatally, m the service of the country and of Harvard Uni¬ 
versity 

We have known in lum a rare spirit, and we reverence his 
memory 

In 1900 Sabine married Miss Jane Downs Kelly, originally of New 
Bedford, Mass She was a physician of established reputation m 
Boston before her marriage, and she continued to practice after mar¬ 
riage, especially in connection with the Children's Hospital The 
fact that she found time and energy for this professional occupation, 
while performing with rare competence the duties of a housekeeper 
and mother of a family, is sufficient evidence of her unusual com¬ 
bination of qualities 

Two daughters, children such as one might hope to see from such 
parents, were the issue of this marriage—Janet, born in 1003, and 
Ruth in 1905 In them Sabine's fervently affectionate nature and hu 
fatherly pnde rejoiced The younger, not thoroughly strong and 
sorely afflicted by the loss of her father, died suddenly in 1922 

Edwin H. Hall. 

JOHN TROWBRIDGE (1843-1923) 

Fellow In Claw I, Section 2,1871 

John Trowbridge was bom in Boston on August 5th, 1843 , the son 
of John Howe Trowbridge and Adeline Trowbridge At the age of 
eighteen, after attending the Boatin Latin School, he entered the 
Lawrence Scientific School by special arrangement, without any 
previous scientific training whatsoever. In spite of this disadvantage 
and the further handicap of a serious financial burden, he graduated 
with the degree of SJB* summa cum laude, in 1865 . Vm brilliant 
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success at Harvard doubtless decided the choice of his profession. 
Decision must have been difficult, since his interests at that time lay 
fully as much m the direction of art and literature, which remained 
delightful avocations, as in the direction of science 

From 1866 to 1860 he was tutor m Physics in Harvard College, and 
during the following year he served as Assistant Professor of Physics 
in the Massachusetts Institute of Technology He returned in 1870 
to Harvard, where he remained at first as assistant professor, and 
afterwards as full professor, until the date of his resignation m 1910,— 
a continuous service of forty years. He received the degree of S D. 
m 1873, m 1888 was appointed Rumford Professor, and on his resig¬ 
nation became Rumford Professor Emeritus. For twenty-two years 
he was Director of the Jefferson Physical Laboratory 

He was a member of the National Academy of Sciences and the 
American Philosophical Society, and a Fellow of the American 
Academy of Arts and Sciences, serving as president of the latter body 
from 1908 to 1915 He was a member of the International Committee 
on Electrical Units at one time and an editor of the American Journal 
of Science for a considerable period 

On the 20th of June, 1877, he married Mrs Gray, the widow of 
Thomas W Gray, of Boston, whose young daughter, now Mrs. 
Edmund M Parker, helped to brighten his life Mrs Trowbridge 
died in 1907 and his own death occurred in his eightieth year, on the 
18th of February, 1923 

The earlier part of the long period during which Professor Trow¬ 
bridge was a member of the teaching staff of Harvard College was 
characterized by the development of laboratory methods in teaching, 
and by the recognition of research as one of the fundamental activities 
of the department of Physics Keenly alive to the lack of adequate 
facilities for the advancement of his chosen field along these lines at 
Harvard, Trowbridge projected a great physical laboratory and found 
the means to construct it. When the laboratory was begun, models 
for such a building were altogether lacking in this country, neverthe¬ 
less, so excellent was its design that it still affords good facilities for 
teaching and research, it forms a lasting monument to the genius of 
the man who planned it 

Throughout his whole academic life, Trowbridge was a constant 
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contributor to scientific literature Besides a considerable number of 
reviews on the work of others, he published more than seventy original 
articles in the American Journal of Science, while his papers in the 
Proceedings of this Academy number thirty two. 

Not unnaturally his earlier papers were devoted to matters con¬ 
nected with the class room,—the design of special instruments for the 
measurement of electric currents and the like, but almost from the 
beginning he was attracted by the problems of pure science. He 
possessed two most important gifts, a sort of scientific clairvoyance 
which enabled him to foresee the importance of certain lines of study, 
often before their full value was appreciated by his contemporaries, 
and the power to inspire his students with a love of research Under 
his guidance many men who have won distinction in science took up 
original problems for the first time 

Some of the subjects to which he devoted himself and a few of the 
names of his collaborators may serve to indicate the use to which he 
put his talents He published a number of papers dealing with mag¬ 
netism which formed a starting point for a series of valuable studies 
by the late Benjamin 0 Peirce Probably animated by the work of 
Heinrich Hertz, he made, in collaboration with William Duane, a 
determination of the velocity of electric waves on wires, using the 
revolving mirror to determine the frequency, a method which at that 
time was a novelty He devoted himself to spectroscopy, publishing 
with Professor T W Richards, papers on the spectra of Argon, on the 
multiple spectra of gases and on the ohmic resistance of gases He 
inspired the late W C Sabine, then a graduate student, to enter this 
same field, thereby initiating a course of research in the Jefferson 
Laboratory which has continued to bear fruit to the present day 
After X-Rays had been discovered, he contributed several articles on 
this fascinating form of radiation 

During the progress of these researches he realized the importance 
of a constant source of high potential, accordingly he caused the great 
storage battery to be constructed, which, unique in its tune, is still 
m constant use. 

Professor Trowbridge’s personality was manifested not only in the 
intellectual activity which he exhibited, inspired, and fostered, but 
also in unselfish and constant devotion to the needs of his students and 
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colleagues Both traits of his character contributed toward the sen¬ 
timent of respect and affection with which his memory will ever be 
cherished by those who came under his influence. 

Theodore Lyman 

GEORGE CHANDLER WHIPPLE (1866-1824) 

Fellow in OUu I, Section 4,1914. 

The late George Chandler Whipple, professor of Sanitary Engineer¬ 
ing at Harvard University, was bom at New Boston, N H, March 
2nd, 1866, of New England lineage He was a direct descendant of 
Matthew Whipple, who resided at Booking, Essex, England, and 
whose son John settled at Ipswich, Mass , in 1637, taking a farm in 
Hamilton, Mass, the boundaries of which are still visible On his 
mother’s side, he descended from William Chandler, who came from 
England and settled in Roxbury, Mass., also m rite year 1637 

When George C Whipple was three years old, his parents moved to 
Chelsea, Mass He attended the Wdliams School there, until 1880, 
and then the Chelsea High School, from which he graduated in 1884, 
and where he met Mary Rayner, whom he married nine yean after 
his graduation 

In 1885, he entered the Freshman class of the Massachusetts Hi- 
stitute of Technology, in the Department of Civil Engineering He 
took the degree of SB in Civil Engineering, June 1889. In his 
senior year, he came under the instruction of the inspiring leader in 
the science of public health,—Prof W T Sedgwick. Young Whipple 
decided to make his life work in the sanitary branch of Civil Engineer¬ 
ing. Immediately after graduating, he commenced his teaching 
career, by becoming an assistant in the M.I.T. Summer School of 
Engineering at Boston 

Whipple then came under the direction of Desmond Fitsgerald, a 
division superintendent of the Boston Waterworks, and a pioneer in 
the study of microorganisms hi potable waters. Whipple took up 
his work at the Chestnut Hill Laboratory, dose by the Chestnut Hffl 
Reservoir of the Boston Water Works. Here he applied himself 
whole-heartedly to the biological and chemical study of the city's 
water supply. He was soon the biologist in charge of the laboratory, 
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and established for himself a wide reputation in the science and art of 
water-supply examination. For severed years he was consulting water- 
supply biologist to the city of Lynn, Mass 

In 1807, Whipple resigned from the directorship of the Chestnut 
Hill Laboratory, and was appointed biologist and director of what is 
now probably the largest municipal water laboratory in the world, 
i.e the Brooklyn, N Y, Laboratory, near the Mount Prospect res¬ 
ervoir of the New York City Water Department. After the con¬ 
solidation of water supplies for Greater New York in 1900, he had 
charge of the examination of all its waters It was m the midst of 
such labors that be published, m 1899, his well-known text book 
—“The Microscopy of Drinking Water” Almost all of the 260 
illustrations of micro-organisms in its appended plates were drawn 
by his own hand from his own examinations After having passed 
through three editions, this is still a standard text-book. 

In 1904, Whipple entered private engineering practice with Mr 
Allen Hasen, also s MIT graduate engaged in water-supply en¬ 
gineering, under the firm title of Hazen and Whipple, New York 
He retained membership in this firm to the end of his life In this 
connection, he made numerous studies of city water supplies and 
sewage disposals His books on "The Value of Pure Water,” 
“Typhoid Fever,” "State Sanitation,” “Vital Statistics,” and 
"Freda Water Biology,” all testify to his active interests in sanitary 
engineering and public health. He served on many important com¬ 
missions dealing with the solution of sanitary problems, both in this 
country and abroad. He was a prolific writer in his chosen field, and 
contributed largely for thirty years to its literature. He also special¬ 
ised in the apparatus used for researches in water supply Among 
other devices, he invented and developed a very practical portable 
instrument far measuring deep-water temperatures—the thermo¬ 
phone. 

In 1907, Whipple was appointed Professor of Water Supply at the 
Brooklyn Polytechnic Institute. In 1911, he resigned to become 
Gordon McKay Professor of Sanitary Engineering at Harvard Uni¬ 
versity, extending this work in 1916, to the Massachusetts Institute 
of Technology during the period of cooperation between the two 
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Whipple originated the plan of the Harvard-Technology School of 
Public Health He succeeded with the late Prof W T. Sedgwick, 
and. Dr Milton Rosenau, in organizing this school in 1013, serving 
himself as its Secretary For nine years this school did excellent 
work, granting Certificates m Public Health to many students who 
are today professionally occupied with Public Health in different 
parts of the world. The school came to an end with the opening of 
the Har\ard School of Public Health m 1022 

During the thirteen years that Professor Whipple taught at Harvard 
University, his civic and scientific interests were many For nme 
years he served on the Public Health Council of Massachusetts, re¬ 
fraining during that period of public office, from private practice in 
the State of Massachusetts During the World War, he went, in 
1917, to Russia, as Deputy Commissioner for the American Red Cross, 
with the rank of Major, returning the same year to instruct the Stu¬ 
dents’ Armj Training Corps at Harvard 

As a teacher, Whipple exerted a widespread, inspiring influence. 
Students came to his courses from all parts of the world He was an 
earnest believer m the importance of sanitary engineering to the 
welfare of mankind He preached at all times the doctrine of careful 
scientific study and the patient application of scientific knowledge to 
public benefit He was at all times an advocate of schools of public 
health When in Europe, in 1920, on sabbatical leave from Harvard, 
and acting as Director of Sanitation of the League of Red Cross 
Societies, he interested the Swiss authorities in the formation of a 
school of public health in Switzerland A few days before his 
death, he was informed of the opening, at Basle, of the first Swiss 
School of Public Health, as a direct outcome of his incentive In 
that same year of foreign service, he made a study of typhus fever in 
Roumania 

He also served as President of the Anti-Mosquito Association of 
the State of Massachusetts A few months before bis death, he ac¬ 
cepted an invitation to become a Director of the Boston School of 
Physical Education 

In Ins own city of Cambridge, Mass, he served as chairman 
of the city's Sanitary Commission, a director of the Y, M. C A, 
and of the Anti-Tuberthilosis Association, He always advocated 
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good citizenship and set his friends a shining example in that 
direction 

Prof Whipple was a member of the American Society of Givil 
Engineers, President, in 1917, of the Boston Society of Civil En¬ 
gineers, and a Fellow of the Amen can Academy of Arts and Sciences 
He was also an Honorary Fellow of the Royal Sanitary Institute of 
Great Bn tain, and a Fellow of the Royal Microscopic Society 

In personality, he was of a bright, sunny, and engaging disposition, 
making fnends everywhere by his earnest, honest, and genial char¬ 
acter He had keen sympathies and a gift of social understanding, 
which endeared him to his students, his colleagues and his friends 
He was an ardent advocate of his specialty, without being intrusive, 
and was frankly outspoken without wounding susceptibilities He 
was a good friend, comrade and companion, happy in his home life, 
and seeking to make his home a source of happiness to all his fnends 
He brought sunshine, courtesy, humor, and keen insight, into all his 
discussions 

His tastes were cultivated and catholic He was devoted to a 
wide range of literature, and was a votary of music Although much 
of a student, he loved sunshine and the open air Without being an 
athlete, he was fond of outdoor sports, especially of walking and 
canoeing He was a member of the Appalachian Mountain Club, 
and climbed many lesser mountains m this country and in Europe 
He was a keen observer, taking delight in geological, botanical and 
biological studies Among his recreations were gardening, bowling 
and billiards To each and every occupation he brought full and 
vigorous action He was a tireless worker, and his life was full of 
accomplishment for the love of the deed done 

Quite unexpectedly, without premonition, and in the full vigor of 
his activities, he died suddenly of heart failure, on November 27th, 
1924 His fame was still rising, and his many fnends had expected 
for it a long and honored future culmination 

He is survived by his widow, Mary Rayner, a daughter, Mrs, 
Gerald M Keith of New Haven, Conn , and a son, Rayner Whipple, 
a student at Bowdoin College 


A. E. Kbnnxlly, 
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ROBERT WHEELER WILLSON (1858-1822) 

Fellow In Clan 1, Section 1, ISM 

It is with deep regret that we have to record the loos to Astronomy 
of Professor Robert Wheeler W’lllson, whose sudden death on the 
first day of November (1922) terminated a long career of service, 
devotion, and benefaction to science, to education, and especially to 
Harvard University, his Alma Mater, for whom he always held the 
warmest affection and where he was actively connected with the 
faculty for more than a quarter of a century, serving successively in 
the capacities of tutor, instructor, assistant professor, and professor, 
and, for nearly fifteen years, a member of its administrative board 

In tracing the early events m his life, we learn that he was bom in 
West Roxliury, Massachusetts, July 20, 1853, the eldest son of 
Reverend Edmund B and Martha Buttnck Willson, his mother’s 
grandfather being Major John Buttnck, who led the Concord fight in 
the Revolutionary War 

When Robert Willson was six years old, his parents removed to 
Salem, where his father became minister of the North Church, 
Unitarian, holding the pastorate for thirty-seven yean, the remainder 
of his life During the Civil War, he was granted leave of absence by 
his pansh and served as chaplain of the 24th Massachusetts Regi¬ 
ment, an incident of which Professor Willson seldom spoke, but which 
made a strong appeal to his sense of loyal patriotism and devotion to 
duty 

His early education was in the public schools of Salem where he 
showed marked ability as a student, graduating with honors at the 
age of fifteen His constant association with the port of Salon, 
during the impressionable yean of his career, doubtless early instilled 
that fondness for things nautical which he kept through life, and 
which, later in his career, was to lead his attention to the application 
of Astronomy, to Navigation and the development of improved in¬ 
struments and methods in this cause. 

In the fall of 1869 Willson ottered Harvard University, one of the 
youngest members of his doss, graduating with tike does of 1578, and 
receiving the degree of Bachelor of Arts cum Unde and with highest 
honors in Physics and Chemistry. 
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■ Little opportunity was then open to the undergraduate to leant 
Astronomy In 1672-3, a short course m Astronomy was given by 
Professor Lovenng in connection with a course m Acoustics. Willson 
was early fascinated by the subject; and when the opportunity came 
upon graduation to assist Dr. B. A. Gould at the Argentine National 
Observatory, he gladly accepted, and went immediately to South 
America, where he spent a year in the work of the Observatory there 
The following year he returned to Cambridge, to become assistant 
m the Harvard College Observatory under the direction of Joseph 
Wmlock, and was greatly impressed with the assignment of duty to 
the then great 154nch Equatorial 

During the years 1876-81, he served as tutor in Phymcs at Harvard 
It was during this period that the occasion was offered iff joining a 
party to observe die total eclipse of the sun on the 29th of July m 
1878 The eclipse track crossed this country, extending from Alaska 
to the Gulf of Mexico, and we find Willson at Fort Worth, Tens, in 
company with Waldo, Seagrave, Beese, and others. Results of this 
expedition were published in the report on “Fort Worth Eclipse Ob¬ 
servations ” In 1881 he was called to Yale as Assistant Astronomer 
in the Winchester Observatory, and in December of that year he 
married Annie Downing West, of Salem, Massachusetts, who survives 
him While at Yale, he had the unusual opportunity of bring able to 
participate in a campaign organised for observing the transit of 
Venus on December 5, 1882, from which the solar parallax was re¬ 
determined. 

Little opportunity for taking advanced degrees in Physios and As¬ 
tronomy was to be had in America at that tone; and in 1884 Willson 
went to Germany for further study, receiving the degree of Doctor of 
Philosophy magna cum laude from the University of Wflrsberg in 
1886. Shortly after returning to this country, he collaborated with 
Professor Benjamin O Peirce in the investigation of problems of heat 
conductions; and in 1801 was appointed instructor in Physics and 
Astronomy at Harvard At the tone of his appo in tment, there was 
no course in Astronomy given at the University, except as comprised 
In A course in spherical Trigonometry with applications, given ^y the 
Departme nt of Mathematics. With opportunity for teaching in his 
chosen field, he immediately began to build up substantial courses in 
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Astronomy In 1896, he received the appointment of Assistant 
Professor of Astronomy, and in 1903 was made full Professor, which 
position he held until his retirement m 1919 as Professor Emeritus 

With the rapid spread of laboratories of Physics, Chemistry, and 
other sciences, Professor Willson visualized a laboratory for Astron¬ 
omy, and was a pioneer m the devising of apparatus and methods 
which should accomplish for the student of Astronomy what labor¬ 
atory work m other fields was doing for the allied sciences and in 
1903, the present Astronomical Laboratory of Harvard University 
was established. 

Professor Willson’s enthusiasm for his favorite science won him 
many friends among his students as well as his professional associates 
He believed firmly in the educational advantages of Astronomy, and 
deplored the great ignorance often displayed by otherwise educated 
people concerning the most obvious of astronomical phenomena As 
a teacher, he gave of his time unstintingly to clarify the more obscure 
parts of his subject, and was a master and a genius in the development 
of apparatus to demonstrate m a moment what otherwise hardly, if 
ever, could be satisfactorily explained Other institutions, learning 
of the novel development in Astronomy at Harvard, began to establish 
laboratory work in Astronomy, and increasingly looked to him for 
suggestions and guidance in the acquisition of material and the de¬ 
velopment of methods 

It was his constant desire, not only to provide the best of equipment 
for laboratory instruction at Harvard, but to have such material and 
methods available for courses elsewhere While engaged m such 
work, he found time to embody most of his ideas and methods w his 
book, “Laboratory Astronomy, 1 ’ published by Ginn and Company, 
which appeared in two successive editions At a later date, he pub¬ 
lished “Sunrise and Sunset” in the United States, the results of a 
Beries of calculations, the remuneration from which went to the 
laboratory for the purchase of a Riefler Sidereal Clock, the highest 
grade astronomical timepiece manufactured 

In his courses in practical Astronomy, which were brought to a high 
degree of efficiency, he numbered among his pupils A. Hamilton Rice 
and Donald B. MacMillan, in whose training for explorations ih 
remote parts of the earth he had taken no small part It was most 
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natural that when the Harvard Travelers’ Club decided to publish a 
4t Handbook of Travel/’ Professor Willson was selected for author of 
the section on "Determination of Position by Astronomical Ob¬ 
servations/’ one of the most important sections of the volume. 

While Professor Willson’s chief life work was concerned with the 
teaching of Astronomy, which he ever regarded as of equal importance 
with research, he was by no means idle as an investigator Among his 
earlier contributions should be mentioned the development of rotating 
and conical prisms for the positional observations of the sun, reducing 
the sun’s disk to a small spot m the field of the telescope, thereby 
making possible observations of its transit with nearly the same facility 
as of a star image For a number of years, he w as at work on the 
design ami construction of a new form of bubble sextant which should 
make unnecessary the use of a horizon in the measurement of alti¬ 
tudes at sea or land; and when the war brought exacting demands for 
navigational instruments for aviation, the Willson Bubble Sextant 
was thoroughly tned out and found to be superior to any similar in¬ 
vention Professor Russell, of Princeton, basing his remarks on more 
than a thousand observations m flight, has said of it "The bubble 
sextant appears, to leave little to be desired as an instrument for aerial 
navigation and gives a precision of observation much surpassing 
the limit set by the small irregularities in even the best piloting ” 
Other instruments facilitating air navigation were devised by Pro¬ 
fessor Willson, and included a computing rule and box sight for deter¬ 
mining ground speed 

Professor Willson’s interest in aviation was aroused at the time of 
the aviation meet at Cambridge in 1910, when he assumed the re¬ 
sponsibility of determining accurately by triangulation the record 
flights for altitude of Brookins and Grahame White m the demon¬ 
strations at Squantura Detailed results of these determinations, 
which were of great interest at that time were published in the Pro¬ 
ceedings of the American Academy in May 1911. 

The variety of his interests led him to gain familiarity with the 
early writings of the Maya peoples of Central America An examina¬ 
tion of the astronomical tables of the Dresden Codex suggested to him 
the possibility of determining with considerable certainty the epoch 
of the calendar. Reasoning first from the evidence of the eclipse 
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tables, and later from the pages of the planetary tables, he devoted a 
large part of his spare tune from 1615 to the last year of his Hie, in 
carrying through an exhaustive study involving many long and 
laborious computations. 

The results of his investigations, which he prepared for publication 
but a few weeks before his death, led him to the conclusion that the 
wro day of the Maya Calendar 4 Ahau 8 Cumhu was probably the 
same as August 29, 3512 B C., as ordinarily reckoned hy the chro- 
nologist The detailed work of his investigation is comprised in 
“ Astronomical Notes on Maya Codices*' by Robert Wheeler Willson, 
a volume published by the Harvard University Press. 

Professor Willson's early astronomical training lay chiefly in the 
older branches of Astronomy known as meridian circle work, calling 
for great exactness in observation and the utmost vigilance for in¬ 
strumental and observational errors. Hus undoubtedly fostered a 
habit of critical examination of every piece of scientific work before 
unquestioned acceptance on his party of any results, and he subjected 
results from his own endeavors to the same critical standard of judg¬ 
ment which he demanded of others. This habit of searching inquiry 
m many instances deterred him from making public preliminary 
results of long investigations in many lines, which another with a 
less hesitant attitude would have published freely He was never 
content with the partial solution of any problem However Im¬ 
portant the intermediate step might be, or however long he may have 
been at work upon a given investigation, he was always hoping for the 
complete solution or the perfected method, and appeared dissatisfied 
at publishing anything less. 

Professor Willson was much interested in the early history of 
Astronomy and its allied subjects, read Latin with comparative ease, 
and found pleasant relaxation in the collecting of rare volumes, early 
printings, and autographed copies of the masterpieces of science. He 
prised especially highly a presentation copy of Galileo’s Dialogues, 
published in 1632, inscribed presumably in the handwriting of its 
author. 

Apart from Astronomy, he was deeply interested in the public good. 
In 1917, he was elected a member of the special committee of the 
Boston Chamber of Commerce for considering the Daylight Saving 
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Plan, and used his technical knowledge and skill in the accumulation 
of evidence to favor its adoption for what he believed the public good. 

His quick perception, breadth of knowledge, and wealth of ex¬ 
perience kept his mind always active. The work he had planned to 
accomplish after retirement fully occupied him to the end, and the 
unfinished tasks he was obliged to leave stand as silent witnesses to 
his cherished ambitions and his unmitigated seal. His attainments as 
a scientist and as an educator won him honored recognition He was 
a member of Phi Beta Kappa, the American Astronomical Society, a 
fellow of the American Association for the Advancement of Science, 
and of the American Academy of Arts and Sciences since the date of 
his election, April 8, 1896 

As a teacher, he was highly esteemed by his students and by his 
colleagues His genial personality, unfailing sense of good humor, 
and indefatigable optimism won many friends and transformed many 
a hopeless circumstance into noteworthy achievement. Those who 
worked with him and came to know him intimately found in him a 
wise counselor and a trusted friend 


H. T Stetson. 
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Cambridge 

Edward Curtis Franklin 

Palo Alto, CaL 

Frank Austin Gooch 

New Haven, Conn. 

Lawrence Joseph Henderson 

Cambridge 

Charles Luring Jackson 

. Boston 

Walter Louis Jennings . 

Wovoeeter 

Gnnnell Jones , * 

Cambridge 

Frederick George Eeyes 

Cambridge 

Elmer Peter Kohler 

Cambridge 

Charles August Kraus 

Worcester 

Arthur Becket Lamb 

Cambridge 

Irving Langmuir 

Schenectady, N. Y, 

Gilbert Newton Lewis 

Berkeley, CaL 

Warren Kendall Lewis . 

. . Newton 

Arthur Dehon Little * 

. . Brookhne 

Charles Frederic Mabery 

. . . . Cleveland, O, 
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Duncan Arthur Maclnnes 

Cambridge 

Foms Jewett Moore 

Cambridge 

George Dunning Moore 

Worcester 

Edward Mueller 

Cambridge 

Samuel Parsons Mulliken 

Cambridge 

Charles Edward Munroe 

Forest Glen, Md. 

James Flack Norris 

Boston 

Arthur Amos Noyes 

Pasadena, Cal 

William Albert Noyes 

Urbana, 111 

Thomas Burr Osborne 

New Haven, Conn. 

Samuel Cate Prescott 

, Brookline 

Ira Remeen 

Baltimore, Md 

Robert HaUowell Richards 

Jamaica Plain 

Theodore William Richards 

Cambridge 

Martin Andrd Rosanoff 

Pittsburgh, Pa. 

Miles Standish Sherrill 

Winchester 

Harry Monmouth Smitli 

Brookline 

Julius Oscar Stieghtz 

Chicago, IU 

Henry Paul Talbot 

Newton 

Richard Chase Tolman 

Washington, D. C 

William Hults Walker 

Bridgeton, Me 

Willis Rodney Whitney 

Schenectady, N. Y. 

Robert Seaton Williams 

Cambridge 

Alpheus Grant Woodman 

Watertown 

Class I , Ssction IV —Technology and Engineering — SO. 

Henry Larcom Abbot 

Cambridge 

Comfort Avery Adame 

Cambridge 

Bernard Arthur Behrcnd 

Boston 

William Herbert Bixby 

Chicago, HI 

Francis Tiffany Bowles 

, Boston 

Charles Francis Brush 

Cleveland, 0. 

William Hubert Burr 

New Canaan, Conn. 

Vansevsr Bus!) 

. . Chelsea 

John Joseph C&rty 

New York, N. Y. 

Harry Ellsworth Clifford . . 

, . Newton 
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Arthur Powell Dumb 
Theodore Harwood Dillon 
Gano Dunn 

William Frederick Durand 
Charles Leavitt Edgar 
Frederic Harold Fay 
Desmond FitzGerald 
John Eipley Freeman 
George Washington Goethals 
John Hays Hammond 
Ira Nelson Hollis 
William Hovgaard 
Hector James Hughes 
Alexander Crombie Humphreys 
James Robertson Jack 
Dugald Caleb Jackson 
Lewis Jerome Johnson 
Arthur Edwin Kennelly 
Gaetano Lanza 
William Henry Lawrence 
Charles Thomas Main 
Lionel Simeon Marks 
Edward Furber Miller 
Frederick Law Olmsted 
Charles Francis Park 
William Barclay Parsons 
Harold Pender 
Albert Sauveur 
Peter Schwamb 
Henry Lloyd Smyth 
Charles Milton Spofford 
Samuel Wesley Stratton 
George Fillmore Swam 
Edward Pearson Warner 
Robert Simpson Woodward 
Joseph Ruggles Worcester 


W'ashington, D. C» 
Cambridge 
New York, N Y* 
Palo Alto, Cab 
Brookline 
Boston 
Brookline 
Providence, R. I 
New York, N Y. 
New York, N Y 
Worcester 
Brookline 
Cambridge 
New York, N Y 
Cambridge 
Cambridge 
Cambridge 
Cambridge 
Philadelphia, Pa 
Boston 
Winchester 
Cambridge 
Newton 
Brookline 
Taunton 
New York, N Y. 

Philadelphia, Pa 
Cambridge 
Arlington 
Watertown 
Brookline 
Cambridge 
Brookline 
Cambridge 
Washington, D C 
Boston 
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Class II —Natural and Physiological Sciences — 197. 
Section 1 — Geology, Mineralogy, and Physics of the Glebe — 63 


Wallace Walter Atwood 
George Hunt Barton 
Norman Levi Bowen 
Isaiah Bowman 

Thomas Chrowder Chamberlin 
Henry Helm Clayton 
Herdman Fitzgerald Cleland 
William Otis Crosby 
Reginald Aldworth Daly 
Edward Salisbury Dana 
William Morns Davis 
Benjamin Kendall Emerson 
William Ebenezer Ford 
James Walter Goldthwait 
Louis Caryl Graton 
Herbert Ernest Gregory 
William Jackson Humphreys 
Ellsworth Huntington 
Robert Tracy Jackson 
Thomas Augustus Jaggar 
Douglas Wilson Johnson 
Arthur Keith 
James Furman Kemp 
Alfred Church Lane 
Esper Signius Larsen, Jr 
Andrew Cowper Lawson 
Charles Kenneth Leith 
Waldemar Lmdgren 
Frederic Brewster Loomis 
Alexander George McAdie 
Kittley Fletcher Mather 
John Campbell Merriam 
WiBiain John Mdler 
Charles Palache 


Worcester 
Cambridge 
Washington, D C. 
New York, N Y 
Chicago, Ill 
Canton 
Williamstown 
Jamaica Plain 
Cambridge 
New Haven, Conn 
Cambridge 
Amherst 
New Haven, Conn 
Hanover, N. H 
Cambridge 
New Haven, Conn. 
Washington, D C. 
New Haven, Conn. 
Peterborough, N H 
Honolulu, H I 
New York, N.Y 
Washington, D C 
New York, N Y 
Cambridge 
Cambridge 
Berkeley, Cal. 
Madison, Wis. 
Brookline 
Amherst 
ReadviUe 
Cambridge 
Washington, D. C 
Los Angeles, Cal. 
Cambridge 
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Percy Edward Raymond 

Lexington 

William North Rice 

Middletown, Conn. 

Austin Flint Rogers 

hlo Alto, Cal 

Robert Wilcox Sayles 

Chestnut Hill 

Waldemar Theodore Schaller 

Washington, D, C 

Charles Schuchert 

New Haven, Conn. 

William Berryman Scott 

Princeton, N J. 

Hervey Woodbum Shimer 

Hingham 

Frank Bursley Taylor 

Fort Wayne, Ind. 

Thomas Wayland Vaughan 

La Jolla, Cal. 

Charles Doolittle Walcott 

Washington, D C 

Robert DcCourey Ward 

Cambridge 

Charles Hyde Warren 

New Haven, Conn. 

David White 

Washington, D C 

Herbert Perry Whitlock 

New York, N Y 

Bailey Wfflw 

Palo Alto, Cal. 

Arthur Winslow 

Boston 

John Eliot Wolff 

Pasadena, CaL 

Frederick Eugene W T right 

Washington, D. C 

Cuss H, Section 11 - 

—Botany .— 37 

Oakes Ames 

North Easton 

Joseph Charles Arthur 

Lafayette, Ltd. 

Irving Widmer Bailey 

Cambridge 

liberty Hyde Bailey 

Ithaca, N Y. 

Edward Wilber Berry 

Baltimore, Md. 

Nathaniel Lord Britton 

New York, N. Y. 

Douglas Houghton Campbell 

Palo Aho, Cal 

George Perkins Clinton 

New Haven, Conn 

John Merle Coulter 

Chicago, ID. 

Bradley Moore Davis . 

Ann. Afbor, Mich. 

Edward Murray East 

Plain 

Rollins Adams Emerson 

Ithaca, N. Y. 

Alexander William Evans 

New Haven, Coda. 

Merritt Lyndon Feraald 

, Cambridge 

Robert Abner Harper 

. New York, Jif. Y. 

Albert Spear Hitchcock 

. , . Washington, D. C. 
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John George Jack 

East Walpole 

Edward Charles Jeffrey 

Cambridge 

Fred Dayton Lambert 

Tufts College 

Jacob Goodale Lapman 

New Brunswick, N J, 

Burton Edward Livingston. 

Baltimore, Md 

George Bichard Lyman 

Morgantown, W Va. 

Elmer Drew Merrill 

Berkeley, Cal 

Winthrop John Vanleuven Osterhout 

New York, N Y 

Charles Vancouver Piper 

Washington, D C 

Alfred Behder 

Jamaica Plain 

Benjamin Lincoln Robinson 

Cambridge 

Charles Sprague Sargent 

Brookline 

William Albert Setchell 

Berkeley, Cal 

Arthur Bliss Seymour 

Cambridge 

Erwin Frink Smith 

Washington, D C. 

John Donnell Smith 

Baltimore, Md. 

Elvin Charles Stakman 

St Paul, Minn 

William Codman Sturgis 

New York, N Y 

Boland Thaxter 

Cambridge 

William Trelease 

Urbana, Ill. 

William Henry Weston, Jr 

Cambridge 

Class II, Section III —Zoology and Physiology —64 

Nathan Banks 

Cambridge 

Thomas Barbour 

Boston 

Francis Gano Benedict 

Boston 

Henry Bryant Bigelow 

Concord 

Robert Payne Bigelow 

Brookline 

Edwin Garrigues Boring 

Cambridge 

William T. Bo vie 

Milton 

Edward Alien Boyden 

Newton Center 

John Lewis Bremer 

Boston 

Charles Thomas Brues 

Boston 

Hannon Cary Bumpus 

Duxbury 

Walter Bradford Cannon 

Cambridge 

Thorne Martin Carpenter 

Boston 

WttUam Ernest Castle 

Belmont 
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Charles Value Chapin 
Benjamin Preston Clark 
Samuel Fessenden Clarke 
Edwin Grant Conklin 
Man ton Copeland 
Joseph Augustine Cushman 
William Healey Dali 
Charles Benedict Davenport 
Samuel Randall Detwiler 
Raymond Dodge 
Gilman Arthur Drew 
Cecil Kent Drinker 
Herbert McLean Evans 
Alexander Forbes 
Samuel Henshaw 
Samuel Jackson Holmes 
Leland Ossian Howard 
Herbert Spencer Jennings 
Charles Wiflison Johnson 
Charles Atwood Kofoid 
Frederic Thomas Lewis 
Ralph Stayner Lillie 
Richard Swann Lull 
Edward Laurens Mark 
Ernest Gale Martin 
Albert Davis Mead 
Gerrit Smith Miller 
Edward Sylvester Morse 
Herbert Vincent Neal 
Henry Fairfield Osborn 
George Howard Parker 
William Patten 
Raymond Pearl 
John Charles Phillips 
Henry Augustus Pilsbry 
Herbert Wilbur Rand 
Arthur Clarence Redfield 


Providence, R I. 
* Boston 

Williamstown 
Princeton, N. J. 
Brunswick, Me 
Sharon 
Washington, D C 
Cold Spring Harbor, N. Y 
Cambridge 
Middletown, Conn 
Woods Hole 
Boston 
Berkeley, Col. 
Milton 
Cambridge 
Berkeley, Cal 
Washington, D, C. 
Baltimore, Md 
Brookline 
Berkeley, Cal. 

Waban 
Cleveland, O 
New Haven, Conn. 
Cambridge 
Palo Alto, Cal 
Providence, R. I. 
Washington, D C. 

Salem 
Tufts College 
New York, N.Y 
Cambridge 
Hanover, N. H. 
Baltimore, Md. 

. Wenham 
Philadelphia, Pa. 
Cambridge 
.Boston 
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William Emerson Ritter 

. . La Jolla, Col. 

Alexander Grant Ruthven 

. Ann Arbor, Mich 

Percy Goldthwait Stiles 

Newtonville 

John Eliot Thayer 

Lancaster 

William Lyman Underwood 

Belmont 

Addison Emory Verrill 

Westvdle, Conn 

John Broad us Watson 

New York, N Y 

Arthur Wisswald Weysse 

Boston 

William Morton Wheeler 

Jamaica Flam 

Harris Hawthorne Wilder 

Northampton 

Edmund Beecher Wilson 

New York, N Y 

Frederick Adams Woods 

New York, N Y. 

Robert Mearns Yerkes 

Washington, D C 

Glass II, Section IV.- 

-Mediant and Surgery —43. 

Nathaniel Allison 

Boston 

Edward Hicklmg Bradford 

Boston 

Charles Macfie Campbell 

Cambridge 

Alexis Carrel 

New York, N Y 

Henry Asbury Christian 

Boston 

Stanley Cobb 

Ponkapoag 

Rufus Cole 

New York, N Y 

Harvey Cushing 

Boston 

David Linn Edsall 

Cambridge 

Simon Flexner 

New York, N Y 

Joseph Lincoln Goodale 

Boston 

Robert Battey G reenough 

Boston 

Roes Granville Harrison 

New Haven, Conn 

William Henry Howell 

Baltimore, Md 

Reid Hunt 

Boston 

Henry Jackson 

Boston 

Elliott Proctor Joslui 

Boston 

William Williams Keen 

Philadelphia, Pa 

Rogerlrving Lee 

Cambridge 

Frank Burr Mallory 

. Brookline 

William James Mayo 

Rochester, Minn 

Samuel Jason Mixter . 

. . Boston 
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Robert Bayley Osgood 

Boston 

Francis Weld Peabody 

Boston 

William Lambert Richardson 

Boston 

Milton Joseph Rosenau 

Brookline 

Frederick Cheever Shattuck 

Boston 

Theobald Smith 

Princeton, N J. 

Charles W&rdell Stiles 

Washington, D. C. 

Richard Pearson Strong 

Boston 

Edward Wyllys Taylor 

Boston 

William Sydney Thayer 

Baltimore, Md. 

Ernest Edward Tyzzer 

Wakefield 

Frederick Herman Verhoeff 

Boston 

Henry Pickering W r alcott 

Cambridge 

John Warren 

Boston 

John Collins Warren 

Boston 

William Henry Welch 

Baltimore, Md. 

Benjamin White 

Boston 

Francis Henry Williams 

Boston 

Simeon Burt Wolbach 

Boston 

Horatio Curtis Wood 

Philadelphia, Pk. 

Hans Zinsser 

Boston 

Clash III —Moral and Political Sciences —183. 

Section I — Theology, Philotophy and Juritpntdenoe .—44. 

Thomas Willing Balch 

. .Philadelphia, Pa. 

Simeon Eben Baldwin 

New Haven, Conn. 

Joseph Henry Beale 

Cambridge 

Charles Henry Brent 

, Buffalo, N.Y. 

Howard Nicholson Brown 

Boston 

Edmund Burke Delabarre 

.Providence, R. I. 

Frederic Dodge 

. Belmont 

Edward Staples Drown 

Cambridge 

William Harrison Dunbar . 

. . Cambridge 

William Herbert Perry Faunce 

Providence, I. 

William Wallace Fenn 

Cunbridte 

Frederick Perry Fish 

. . . . Brookfine 
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Paul Revere Frothingham 

Boston 

George Angler Gordon 

Boston 

Alfred Hemenway 

Boeton 

William Ernest Hocking 

Cambridge 

Charles Evans Hughes 

New York, N. Y. 

Frederick John Foakes Jackson 

New York, N Y. 

William Lawrence 

Boston 

Frederick Lawton 

Boston 

William Caleb Loring 

Boston 

Ngthan Matthews 

Boston 

William McDougaU 

Cambridge 

Edward Caldwell Moore 

Cambridge 

John Bassett Moore 

New York, N.Y. 

George Herbert Palmer 

Cambridge 

Charles Edwards Park 

Boston 

Leighton Parks 

New York, N Y. 

Francis Greenwood Peabody 

Cambridge 

George Wharton Pepper 

Philadelphia, Pa. 

Roscoe Pound 

Belmont 

Ehhu Root 

New York, N Y. 

James Hardy Ropes 

Cambridge 

Arthur Prentice Rugg 

Worcester 

Austin Wakeman Scott 

Cambridge 

Henry Newton Sheldon 

Boston 

Moorfield Storey 

Boston 

William Howard Taft . 

Washington, D C. 

William Jewett Tucker 

Hanover, N H, 

William Cushing Wait 

Medford 

Eugene Wambaugh 

Cambridge 

Edward Henry Warren 

Boston 

Winslow Warren 

Dedham 

Samuel WiUiston 

Belmont 

Oust III, Saowow n —PkOobgy and iwHadgy-HB. 

Francis Greenleaf Ailinson, 

Providence, R, I. 

William Roeenswdg Arnold 

Cambridge 

Maurice Bloomfield 

Baltimore, Md, 
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Franc Boas 

New York, N Y 

IngenoQ Bowditch 

Jamaica Flam 

Carl Darling Buck 

Chicago, HI. 

Eugene Watson Burlingame 

New Haven, Conn 

Edward Capps 

Princeton, N J. 

George Henry Chase 

Cambridge 

Walter Eugene Clark 

Chicago, 111. 

Roland Burr age Dixon 

Cambridge 

Franklin Edgerton 

Philadelphia, Pa. 

Jesse Walter Fewkes 

Washington, D C 

Jeremiah Denis Mathias Ford 

Cambridge 

Fltny Earle Goddard 

New York, N Y 

Charles Hall Grandgent 

Cambridge 

Louis Herbert Gray 

Lincoln, Neb 

William Chase Greene 

Cambridge 

Charles Burton Guhck 

Cambridge 

Roy Kenneth Hack 

Cincinnati, 0 

William Arthur Heidel 

Middletown, Conn 

George Lincoln Hendrickson 

New Haven, Conn 

Bert Hodge Hill 

Athens, Greece 

Elijah Clarence Hills 

Berkeley, Cal. 

William Henry Holmes 

Washington, D. C. 

Edward Washburn Hopkins 

New Haven, Conn. 

William Guild Howard 

Cambridge 

Ales Hrdlicka 

Washington, D. C. 

Eugene Xavier Louis Henry Hyvemat 

Washington, D C. 

Carl Newell Jackson 

Cambridge 

Hans Carl Gunther von Jagemann 

Cambridge 

James Richard Jewett 

Cambridge 

Alfred Louis Kroeber 

Berkeley, CaL 

Kirsopp Lake 

Cambridge 

Henry Roseman Lang 

New Haven, Conn 

Charles Rockwell Lanman 

Cambridge 

John Livingston Lowes 

Cambridge 

David Gordon Lyon 

Cambridge 

Clifford Herschel Moore 

Cambridge 

George Foot Moore 

Cambridge 
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Hanna Oertel 

Munich, Germany 

Chandler Rathfon Post 

Cambridge 

Edward Kennard Rand 

Cambridge 

George Andrew Reianer 

Cambridge 

Edward Robinson 

New York, N. Y. 

Fred Norm Robinson 

Cambridge 

Rudolph Schevill 

Berkeley, Cal 

Herbert Weir Smyth 

Cambridge 

Franklin Bache Stephenson 

Washington, D C 

Charles Cutler Torrey 

New Haven, Conn. 

Alfred Marston Tozzer 

Cambridge 

Clark Wissler 

New York, N Y 

James Haughton Woods 

Cambridge 

Class IH , Section III - 

-Political Economy and History —44 

Wilbur Cortez Abbott 

Cambridge 

Brooks Adams 

Quincy 

Charles McLean Andrews 

New Haven, Conn 

John Spencer Bassett 

Northampton 

Carl Lotus Becker 

Ithaca, N Y 

Charles Jesse Bullock 

Cambridge 

Thomas Nixon Carver 

Cambridge 

Edward Chanmng 

Cambridge 

John Bates Clark 

New York, N Y 

Archibald Cary Coohdge 

Boston 

Richard Henry Dana 

Cambridge 

Clive Day 

New Haven, Conn 

Davis Rich Dewey 

Cambridge 

Ephraim Emerton 

Cambridge 

Henry Walcott Farnam 

New Haven, Conn. 

Max Farrand 

New Haven, Conn. 

William Scott Ferguson 

Cambridge 

Irving Fisher 

New Haven, Conn. 

Worthington Chauncey Ford 

Cambridge 

Edwin Francis Gay 

Cambridge 

Frank Johnson Goodnow 

Baltimore, Md. 

Evarts Boutell Greene 

Champaign, Ill. 
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Arthur Twining Hadley 

New Haven, Conn. 

Albert Buslinell Hart 

Cambridge 

Charles Homer Haskins 

Cambridge 

Charles Downer Hazen 

New Yarik, N. Y. 

George La Piana 

Cambridge 

Abbot Lawrence Lowell 

Cambridge 

William MacDonald 

New York, N Y. 

Charles Howard Mcllwain 

Cambridge 

Roger Bigelow Memman 

Cambridge 

Samuel Eliot Morison 

Concord 

William Bennett Munro 

Boston 

Charles Lemuel Nichols 

, Worcester 

James Ford Rhodes 

Boston 

Michael I Rostovtzeff 

Madison, Wis 

William Milligan Sloane 

New York, N Y. 

John Osborne Sumner 

Boston 

Frank William Taussig 

Cambridge 

Frederick Jackson Turner 

Madison, Wis. 

Claude Halstead Van Tyne 

Ann Arbor, Mich. 

George Grafton Wilson 

Cambridge 

George Parker Winship 

Charles River 

Allyn Abbott Young 

Cambridge 

Cuss III , Suction IV - 

-IMenture and the Fme Arte. —12, 

Irving Babbitt 

Cambridge 

George Pierce Baker 

New Haven, Conn. 

William Sturgis Bigelow 

Boston 

Le Baron Russell Briggs 

Cambridge 

Charles Allerton Coolidge . 

Boston 

Frederick Shepherd Convene 

Boston 

Samuel McChord Crothers 

Cambridge 

Wilberforce Eames 

. New York, N Y. 

Edward Waldo Emerson 

. Concord 

William Emerson 

Cambridge 

Arthur Fairbanks 

Cambridge 

Frank Edgar Farley 

. . Middletown, Conn. 

Edward Waldo Forbes 

. . . Cambridge 
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Kuno Francke 

Cambridge 

Darnel Chester French 

New York, N.Y. 

Horace Howard Furness 

Philadelphia, Pa. 

Robert Grant 

Boston 

Morris Gray 

Boston 

Chester Noyes Greenough 

Cambridge 

James Kendall Hosmer 

Minneapolis, Minn 

Mark Antony DeWolle Howe 

Boston 

Archer Milton Huntington. 

New York, N.Y. 

George Lyman Kittredge 

Cambridge 

William Coohdge Lane 

Cambridge 

John Ellerton Lodge 

Boston 

Charles Martin Tornov Loeffler 

Medfield 

Charles Donagh Maginnis 

Brookline 

Albert Matthews 

Boston 

Harold Murdock 

Brookline 

William Allan Neilson 

Northampton 

"William Lyon Phelps 

New Haven, Conn 

Arthur Kingsley Porter 

Cambridge 

Herbert Putnam 

Washington, D. C. 

Denman Waldo Ross 

Cambridge 

Paul Joseph Sachs 

Cambridge 

Ellery Sedgwick . 

Boston 

Henry Dwight Sedgwick 

Cambridge 

Richard Clips ton Sturgis 

Boston 

Charles Howard Walker 

Boston 

Owen Wister 

Philadelphia, Pa 

George Edward Wood berry 

Beverly 

Charles Henry Conrad Wright 

Cambridge 

ASSOCIATES. 


Edwin Hale Abbot . 

Cambridge 

Charles Francis Adams 

Concord 

Francis N. Balch 

Iincoin 

Charles F. Batchelder 

Cambridge 

William B. Cabot . 

Boston 
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Henry W Cunningham 

Boston 

Charles Ernest Fay 

Somerville 

Francis Russell Hart 

Boston 

William James 

Cambridge 

Everett Mores 

Boston 

Andrew James Peters 

Boston 

Anthony John Philpott 

Arlington 

Charles Henry Taylor 

Boston 

Edwin Sibley Webster 

Brookline 

Benjamin Loring Young 

Weston 
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FOREIGN HONORARY MEMBERS—62 

(Number limited to aeireatr-fire.) 

Class I —Mathematical and Physical Science *.— 23. 


Section I —Mathematics and Astronomy — 7 


Johann Oskar Racklund 

Leningrad 

Arthur Stanley Eddington 

Cambridge 

Jacques Salomon Hadamard 

Pans 

Godfrey Harold Hardy 

Oxford 

Tullio Levi-Civita 

Rome 

Charles Emile Picard 

Pam 

Charles Jean de la Vall£e Poussin 

Louvain 

Class I, Section II —Physics —7 

Svante August Arrhenius 

Stockholm 

Albert Einstein 

Berlin 

Sir Joseph Larmor 

Cambridge 

Hendrik An toon Lorentz 

Haarlem 

Max Planck 

Berlin 

Sir Ernest Rutherford 

Cambridge 

Sir Joseph John Thomson 

Cambridge 

Class I, Section III — Chemistry —4 

Frits Haber 

Berlin 

Henri Louis Le Chatelier 

Pans 

Wilhelm Ostwald 

Leipsic 

William Henry Perkin 

Oxfprd 


Class I, Suction IV —Technology and Engineering —6 


Ferdinand Foch Paris 

Joseph Jacques Cdsaire Joffre . . Paris 

Maurice d’Ocagne Paris 

Vsevolod Evgenievich Timonoff , Leningrad 

William Cnwthome Unwin. London 




FOREIGN HONORARY MEUBSSA 


Class II,— Natural and Physiological Seienou, —21. 
Section I — Geology, Mineralogy, and Physics of the Gkb *,~~10 


Frank Dawson Adorns 

Montreal 

Charles Barrois ♦ 

Iille 

Waldemar Christofer Brtigger 

Christiania 

Viktor Goldschmidt 

Heidelberg 

Albert Heim 

Zurich 

John Home 

Edinburgh 

Emmanuel de Margerie 

Pans 

Gustaf Adolf Frederik Molengraaff 

Delft 

Sir William Napier Shaw 

London 

Johan Herman Lie Vogt 

Trondhjem 

Class II, Section II —Botany.—4. 

John Bnquet 

Geneva 

Adolf Engier 

Beilin 

Ignatz Urban 

Berlin 

Hugo de Vries 

Lunteren 

Class II, Section III —Zoology and Physiology —L 

George Albert Boultfnger 

Brussels 

Maurice Caullery 

Paris 

Sir Edwin Ray Lankester 

London 

George Henry Falkmer Nuttall 

Cambridg 

Class II, Section IV.— Medicine and Surgery — 3. 

Sir Thome. Barlow, Bart 

London 

Francis John Shepherd 

Montreal 

Sr Charles Scott Sherrington 

Oxford 


Class III —Moral and Political Sciences .— 18 . 
Section I — Theology, Philosophy and Jurisprudence *— 3. 
Rt. Hon Arthur James Balfour, Earl of Balfour . 


Raymond Poincar£ .Paris 

Rt. Hon. Sir Frederick Pollock, Bart 
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Class III, Section n —PkOology and Archeology ,— 7 


Wilhelm Ddrpfeld 

Athens 

Karl Friednch Geldner 

Marburg 

Henri Guy 

Grenoble 

Hermann Georg Jacobi 

Bonn 

Arthur Anthony Macdonell 

Oxford 

Alfred Perdval Maudalay 

Hereford 

Ramon Menendez Pidal 

Madrid 


Class III, Section III .—Political Economy and History —0 


Adolf Harnack . Berlin 

Henn Pirenne Ghent 

Rt. Hon. Sir George Otto Trevelyan, Bart London 

Class III, Section IV Literature and the Fine Arts —5 

George Branded Copenhagen 

Thomas Hardy Dorchester 

Jean Adrien Antoine Jules Jusserand . f Paris 

Rudyard Kipling Burwash 

Sir Sidney Lee London 




STATUTES AND STANDING VOTES. 


STATUTES. 

Adopted November 8, 1011 amended May 8, 1912, January 8, and 
May 14, 1913, April 14, 1915, April 12, 1916, April 10, 1918, May 14,1919, 
February 8, Apnl 12, and December 13, 1922, February 14, March 14, and 
October 10,1923 


CHAPTER I 
The Corporate Seal 

Article 1 The Corporate Seal of the Academy shall be as here 
depicted 



Article 2. The Recording Secretary shall have the custody of the 
Corporate Seal. 

See Chap. v. art 3, chap vl art 2. 


STATUTES OF THE AMERICAN ACADEMY 


CHAPTER H 

Fellows and Foreign Honorary Members and Does 

Article 1. The Academy consists of Fellows, who are dither 
citizens or residents of the United States of America, and Foreign 
Honorary Members They are arranged in three Classes, according to 
the Arts and Sciences in which they are severally proficient, and each 
Class is divided into four Sections, namely 

Class I The Mathematical and Physical Stnencet 
Section 1 Mathematics and Astronomy 
Section 2 Physics 
Section 3. Chemistry 
Section 4. Technology and Engineering 

Class II. The Natural and Physiological Bounces 
Section 1. Geology, Mineralogy, and Physics of the Globe 
Section 2. Botany 
Section 3 ZoSlogy and Physiology 
Section 4 Medicine and Surgery 

Class III The Moral and Political Bounces 
Section 1 theology, Philosophy, and Jurisprudence 
Section 2 Philology and Archaeology 
Section 3 Political Economy and History 
Section 4 Literature and the Fine Arts 

Article 2. The number of Fellows shall not exceed Six hundred, 
of whom not more than Four hundred shall be residents of Massachu¬ 
setts, nor shall there be more than Two hundred and ten in any one 
Class 

Article 3 the number of Foreign Honorary Members shall net 
exceed Seventy-five, they shall be chosen from among dthnas of 
foreign countries most eminent for their discoveries and attainments 
in any of the Classes above enumerated. There shad not be more 
than Twenty-five in any one Class. 
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Article 4. If any person, after being notified of fats election as 
bellow, shall neglect for six months to accept in writing, or, if a Fellow 
resident within fifty miles of Boston shall neglect to pay his Admission 
Fee, his election shall be void, and if any Fellow resident within 
fifty miles of Boston shall neglect to pay his Annual Dues for six 
months after they are due, provided his attention shall have been 
called to this Article of the Statutes in the meantime, he shall cease 
to be a Fellow; but the Council may suspend the provisions of this 
Article for a reasonable time. 

With the previous consent of the Council, the Treasurer may dis¬ 
pense (pub ttieniw) with the payment of the Admission Fee or of the 
Annual Dues or both whenever he shall deem it advisable In the case 
of officers of the Army or Navy who are out of the Commonwealth on 
duty, payment of the Annual Dues may be waived during such absence 
if continued during the whole financial year and if notification of such 
expected absence be sent to the Treasurer Upon similar notification 
to the Treasurer, similar exemption may be accorded to Fellows sub¬ 
ject to Annual Dues, who may temporarily remove their residence for 
at least two years to a place more than fifty miles from Boston 

If any person elected a Foreign Honorary Member shall neglect for 
six months after being notified of his election to accept in writing, 
his election shall be void. 

8m Chap vii. art 2 

Article 5. Every Fellow resident within fifty miles of Boston 
hereafter elected shall pay an Admission Fee of Ten dollars 
| Every Fellow resident within fifty miles of Boston shall, and others 
may, pay such Annual Dues, not exceeding Fifteen dollars, as shall 
be voted by the Academy at each Annual Meeting, when they shall 
become due; but any Fellow shall be exempt from the annual pay¬ 
ment if, at any time after his admission, he shall pay into the treasury 
Two hundred dollars in addition to his previous payments Any 
Fellow shall also be exempt from annual dues who has paid such dues 
fur forty years# or, having attained the age of seventy-five, has paid 
dues for twenty-five years. 

Afi Comimitationsof the Annual Dues shall be and remain perma¬ 
nently funded, the interest only to be used for current expenses. 
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Any Fellow not previously subject to Annual Dues who takes Up his 
residence within fifty miles of Boston, shall pay to the Treasurer within 
three months thereafter Annual Dues for the current year, failing 
which his Fellowship shall cease, but the Council may suspend the 
provisions of this Article for a reasonable time. 

Only Fellows who pay Annual Dues or have commuted them may 
hold office in the Academy or serve on the Standing Committees or 
vote at meetings 

Article 6 Fellows who pay or have commuted the Annual Dues 
and Foreign Honorary Members shall be entitled to receive gratis one 
copy of all Publications of the Academy issued after their election 
See Chap x, art 2 

Article 7 Diplomas signed by the President and the Vice* 
President of the Class to which the member belongs, and countersigned 
by the Secretaries, shall be given to Foreign Honorary Members and 
to Fellows on request 

Article 8 If, m the opinion of a majority of the entire Council, 
any Fellow or Foreign Honorary Member shall have rendered himself 
unworthy of a place in the Academy, the Council shall recommend 
to the Academy the termination of his membership, and if three- 
fourths of the Fellows present, out of a total attendance of not less 
than fifty at a Stated Meeting, or at a Special Meeting called for the 
purpose, shall adopt this recommendation, his name shall be stricken 
from the Boll. 

See Chap ui; chap vi art 1, chap ix art 1, 7, chap. x. art. 2 
CHAPTER III 

Election of Fellows and Foreign Honorary Members 

The procedure in the election of Fellows and Foreign Honorary 
Members shall be as follows* 

Nominations to Fellowship or Foreign Honorary Membership in any 
Section must be signed by two Fellows of that Section or by three 
Fellows of any Sections, and sent to the Corresponding Secretary ae» 
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companied by a statement of the qualifications of the nominee and 
brief biographical data* 

Notice shall be sent to every Fellow not later than the fifteenth of 
January in each year, reminding him that all nominations must be in 
the hands of the Corresponding Secretary before the fifteenth of Feb¬ 
ruary following. 

A list of the nominees, giving a brief account of each, with the names 
of the nominators, shall be sent to every Fellow with a request that he 
return the list *ith such confidential comments and indications of 
preference as he may choose to make. 

All the nominations, with any comments thereon and with expres¬ 
sions of preference on the part of the Fellows, shall be referred to the 
appropriate Class Committees, which shall canvass them, and report 
their recommendations in writing to the Council before the Stated 
Meeting of the Academy m April. 

Elections of Fellows and Foreign Honorary Members shall be made 
by the Council before the Annual Meeting in May, and announced at 
that meeting 

Persons nominated in any year, but not elected, may be earned over 
to the list of nominees for the next year at the discretion of the Coun¬ 
cil, but shall not be further continued unless renominated 

Set Chap, ii; chap vi art 1, chap ix art 1 

CHAPTER IV 
Officers 

Article 1* The Officers of the Academy shall be a President (who 
shall be Chairman of the Council), three Vice-Presidents (one from 
each Class), a Corresponding Secretary (who shall be Secretary of the 
Council), a Recording Secretary, a Treasurer, and a Librarian, all of 
whom shall be elected by ballot at the Annual Meeting, and shall hold 
their respective offices for one year, and until others are duly chosen 
and installed. 

There shall be also twelve Councillors, one from each Section of each 
Class At each Annual Meeting three Councillors, one from each 
Class, shall be elected by ballot to serve for the full term at four 
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years and until others are duly chosen and installed. Hie same Fellow 
shall not be eligible for two successive terms. 

Hie Councillors, with the other officers previously named, and the 
Chairman of the House Committee, ex officio, shall constitute the 
Council. 

See Chap, x art. 1. 

Article 2. If any officer be unable, through death, absence, or 
disability, to fulfil the duties of his office, or if he shall resign, his place 
may be filled by the Council in its discretion for any part or the whole 
of the unexpired term 

Article 3 At the Stated Meeting in March, the President shall 
appoint a Nominating Committee of three Fellows having the right 
to vote, one from each Class. This Committee shall prepare a list of 
nominees for the several offices to be filled, and for the Standing Com* 
mi tees, and file it with the Recording Secretary not later than four 
weeks before the Annual Meeting. 

See Chap, vl art. 2. 

Article 4 Independent nominations for any office, if signed by 
at least twenty Fellows having the right to vote, and received by the 
Recording Secretary not less than ten days before the Annuaf Meet¬ 
ing, shall be inserted in the call therefor, and shall be mailed to* all 
the Fellows having the right to vote 

£«Chap. vi art. 2. 

Article 5. The Recording Secretary shall prepare for use in 
voting at the Annual Meeting a ballot containing the'names of all 
persons duly nominated for office. 

CHAPTER V. 

The President. 

Article 1 The President, or m his absence the senior Vioe-Freai- 
dent present (seniority to be determined by length of continuous' 
fellowship m the Academy), shall preside at all meetings of rile Aced- 
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emy. In the absence of all these officers, a Chairman of the meeting 
shall be chosen by ballot. 

Abticle 2. Unless otherwise ordered, all Committees which are 
not elected by ballot shall be appointed by the presiding officer. 

Article 3 Any deed or writing to which the Corporate Seal is to 
be affixed, except leases of real estate, shall be executed in the name of 
the Academy by the President or, in the event of his death, absence, or 
inability, by one of the Vice-Presidents, when thereto duly authorised. 

See Chap u. art 7; chap iv. art 1, 3: chap vi art 2; chap vu art. 1, 
chap ix. art 6, chap x. art 1, 2, chap xi art 1 

CHAPTER VI 
The Secretaries 

Article 1 . The Corresponding Secretary shall conduct the corre¬ 
spondence of the Academy and of the Council, recording or making an 
entry of all letters written in its name, and preserving for the files all 
official papers which may be received. At each meeting of the Council 
he shall present the communications addressed to the Academy which 
have been received since the previous meeting, and at the next meeting 
of the Academy he shall present such as the Council may determine. 

He shall notify all persons who may be elected Fellows or Foreign 
Honorary Members, send to each a copy of the Statutes, and on their 
acceptance issue the proper Diploma. He shall also notify all meet¬ 
ings of the Council, and in case of the death, absence, or inability of 
the Recording Secretary he shall notify all meetings of the Academy 

Under the direction of the Council, he shall keep a List of the 
Fellows and Foreign Honorary Members, arranged m their several 
Classes and Sections. It shall be printed annually and issued as of 
the first day of July. 

8m Chap. il. art 7; chap. nt. art 2, 3; ohap iv. sit. 1, ohap. ix. art. 6: 
chap x. art 1, ohap xl art 1. 

i Article 2. The Recording Secretary shall hove the custody of the 
Charter, Corporate Seal, Archives, Statute-Book, Journals, and all 
Hterary papers belonging to the Academy. 
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Fellows borrowing such papers or documents shall receipt for them 
to their custodian. 

The Recording Secretary shall attend the meeting of the Academy 
and keep a faithful record of the proceedings with the names of the 
Fellows present, and after each meeting is duly opened, he shall read 
the record of the preceding meeting 

He shall notify the meetings of the Academy to each Fellow and 
by mail at least seven days beforehand, and m his discretion may 
also cause the meetings to be advertised; he shall apprise Officers 
and Committees of their election or appointment, and inform the 
Treasurer of appropriations of money voted by the Academy. 

After all elections, be shall insert in the Records the names of the 
Fellows by whom the successful nominees were proposed 

He shall send the Report of the Nominating Committee in print 
to every Fellow having the right to vote at least three weeks before the 
Annual Meeting 

See Chap tv art 3 

In the absence of the President and of the Vice-Presidents he shall, 
if present, call the meeting to order, and preside until a Chairman is 
chosen 

See Chap i, chap u art 7, chap, tv art 3. 4, 5, chap ix. art. 0; 
chap x art 1, 2, chap, xi art. 1, 3 

Article 3 The Secretaries, with the Chairman of the Committee 
of Publication, shall have authority to publish such of the records of 
the meetings of the Academy as may seem to them likely to promote 
its interests. 


CHAPTER VII. 

The Treasurer and the Treasury 

Article 1 . The Treasurer shall collect all money due or payable to 
the Academy, and all gifts and bequests made to it He shall pay all 
bilb due by the Academy, when approved by the proper officers, except 
those of the Treasurer’s office, which may he paid without such ap» 
proval, in the name of the Academy he shall sign all leases of red 
estate; and, with the written consent erf a member of the Committee 
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on Finance, he shall make all transfers of stocks, bonds, and other 
securities belonging to the Academy, all of which shall be in his official 
custody. 

He shall keep a faithful account of all receipts and expenditures, 
submit his accounts annually to the Auditing Committee, and render 
them at the expiration of his term of office, or whenever required to 
do so by the Academy or the Council 

He shall keep separate accounts of the income of the Rumford Fund, 
and of all other special Funds, and of the appropriation thereof, and 
render them annually. 

His accounts shall always be open to the inspection of the Council 

Articlf 2 He shall report annually to the Council at its March 
meeting on the expected income of the various Funds and from all 
other sources during the ensuing financial year He shall also report 
the names of all Fellows who may be then delinquent m the payment 
of their Annual Dues 

Article 3 He shall give such security for the trust reposed in him 
as the Academy may require. 

Article 4 With the approval of a majority of the Committee on 
Finance, he may appoint an Assistant Treasurer to perform his du¬ 
ties, for whose acts, as such assistant, he shall be responsible, or, with 
like approval and responsibility, he may employ any Trust Company 
doing business in Boston as his agent for the same purpose, the com¬ 
pensation of such Assistant Treasurer or agent to be fixed by the 
Committee on Finance and paid from the funds of the Academy 

Article 5 At the Annual Meeting he shall report in print all his 
official doings for the preceding year, stating the amount and condition 
of all the property of the Academy entrusted to him, and the character 
ot the investments 

Article 6. The Financial Year of the Academy shall begin with 
the first day of April. 

Article 7* No person or committee shall incur any debt or 
liability in the name of the Academy, unless in accordance with a 
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previous vote and appropriation therefor by the Academy or the 
Council, or sell or otherwise dispose oI any property o( the Academy, 
except cash or invested funds, without the previous consent and ap¬ 
proval of the Council. 

See Chap u art 4, 6, chap vi art 2; chap, ix art 6, chap x art 
1, 2, 3, chap xi art 1 


CHAPTER VIII. 

The Librarian and the Library. 

Article 1 The Librarian shall have charge of the printed books, 
keep a correct catalogue thereof, and provide for their delivery from 
the Library 

At the Annual Meeting, as Chairman of the Committee on the Li¬ 
brary, he shall make a Report on its condition. 

Article 2 In conjunction with the Committee on the Library he 
shall have authority to expend such sums as may be appropriated by 
the Academy for the purchase of books, periodicals, etc., and for de¬ 
fraying other necessary expenses connected with the library. 

Article 3 All books procured from the income of die Romford 
Fund or of other special Funds shall contain a book-plate expressing 
the fact 

Article 4 Books taken from the Library shall be receipted for to 
the librarian or his assistant 

Articles. Books shall be returned in good order, regard being had 
to necessary wear with good usage If any book shall be lost or 
injured, the Fellow to whom it stands charged shall replace it fay a 
new volume or by a new set, if it belongs to amt, or pay the Burnt 
price thereof to the librarian, whereupon the remainder of the set, 
if any, shall be delivered to the Fellow so paying, unless ndi re¬ 
mainder be valuable by reason of association. 

Article S All books shall be returned to the Library for exMtlna- 
tion at least one week before the Annual Meeting. 
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Article 7. Hie Librarian shall have the custody of the Publica¬ 
tions of the Academy. With the advice and consent of the President, 
he may effect exchanges with other associations 
See Chap u art 8, chap x art. 1, 2. 

CHAPTER IX 
The Council 

Article 1 . The Council shall exercise a discreet supervision over 
all nominations and elections to membership, and in general supervise 
all the affairs of the Academy not explicitly reserved to the Academy 
as a whole or entrusted by it or by the Statutes to standing or special 
committees. 

It shall consider all nominations duly sent to it by any Class Com¬ 
mittee, and act upon them in accordance with the provisions of 
Chapter IH. 

With the consent of the Fellow interested, it shall have power to 
make transfers between the several Sections, reporting its action to 
the Academy 

See Chap ui art 2, 8, chap x art 1 

Article 2 Seven members shall constitute a quorum 

Article 3. It shall establish rales and regulations for the transac¬ 
tion of its business, and provide all printed and engraved blanks and 
books of record. 

Article 4. It shall act upon all resignations of officers, and all 
resignations and forfeitures of Fellowship; and cause the Statutes to 
be faithfully executed. 

It shall appoint all agents and subordinates not otherwise provided 
for by the Statutes, prescribe their duties, and fix their compensation. 
They shall hold their respective positions during the pleasure of the 
Council. 

Article 6 . It may appoint, for terms not exceeding one year, and 
prescribe the functions of, such committees of its number, or of the 
Fellows of the Academy, as it may deem expedient, to facilitate the 
administration of the Affairs of the Academy or to promote its interests. 
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Article 6 At its March meeting it dull receive reports from die 
President, the Secretaries, the Treasurer, and the Standing Commit* 
tees, on the appropriations severally needed for the ensuing financial 
year At the same meeting the Treasurer shall report on the expected 
income of the various Funds and from all other sources during the 
same year 

A report from the Council shall be submitted to the Academy, for 
action, at the March meeting, recommending the appropriation which 
in the opinion of the Council should be made 

On the recommendation of the Council, special appropriations may 
be made at any Stated Meeting of the Academy, or at a Special Meet* 
tag called for the purpose 
See Chap x art 3 

Article 7. After the death of a Fellow or Foreign Honorary 
Member, it shall appoint a member of the Academy to prepare a bio* 
graphical notice for publication in the Proceedings 

Article 8 It shall report at every meeting of the Academy such 
business as it may deem advisable to present 

See Chap u. art 4, 6, 8, chap iv art 1, 2, chap vi art. 1, chap vu 
art 1, chap xi art 1, 4 


CHAPTER X 
Standing Committees 

Article 1 The Class Committee of each Class shall consist of the 
Vice-President, who shall be chairman, and the four Councillors of the 
Class, together with such other officer or officers annually elected as 
may belong to the Class. It shall consider nominations to Fellowship 
in its own Class, and report in writing to the Council such as may 
receive at a Class Committee Meeting a majority of the votes cast, 
provided at least three dull have been in the affirmative. 

See Chap iiLart 2 

Article 2 At the Annual Meeting the following Standing Com¬ 
mittees dull be elected by ballot to serve for the ensuing year; 
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(i) The Committee on Finance, to consist of three Fellows, who, 
through the Treasurer, shall have full control and management of the 
funds and trusts of the Academy, with the power of investing the funds 
and of changing the investments thereof in their discretion. 

See Chap iv art 3, chap vu. art. 1, 4; chap ix, art ft. 

(n) The Rwnford Committee, to consist of seven Fellows, who shall 
report to the Academy on all applications and claims for the Rum- 
ford Premium It alone shall authorise the purchase of books, 
publications and apparatus at the charge of the income from the 
Rumford Fund, and generally shall see to the proper execution of the 
trust 

See Chap iv art 3, chap a. art 6 

(ni) The Cyrus Moors Warren Committee, to consist of seven Fel¬ 
lows, who shall consider all applications for appropriations from the 
income of the Cyrus Moors Warren Fund, and generally shall see to 
the proper execution of the trust. 

See Chap iv art 3, chap ix art 6 

(iv) The Committee of Publication, to consist of three Fellows, one 
from each Class, to whom all communications submitted to the 
Academy for publication shall be referred, and to whom the printing 
of the Proceedings and the Memoirs shall be entrusted. 

It shall fix the price at which the Publications shall be sold, but 
Fellows may be supplied at half pnce with volumes which may be 
needed to complete their sets, but which they are not entitled to 
receive gratis. 

Two hundred extra copies of each paper accepted for publication in 
the Proceedings or the Memoirs shall be placed at the disposal of the 
author without charge 

See Chap iv art 3; chap vi art. 1, 3, chap ix. art 6 

(v) The Committee on the Library, to consist at the Librarian, ex 
qficto, as Chairman, and three other Fellows, one from each Class, 
who shall examine the Library and make an annual report on its 
condition and management 

See Chap, iv art 3, chap viu. art. 1, 2; chap ix art 6 
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(vi) The Haute Committee, to consist of three Follows, who aUl 
have charge of all expenses connected with the House, induding the 
general expenses of the Academy not specifically assigned to the cue 
of other Committees or Officers 

See Chap iv art 1, 3, chap ix. art B. 

(vii) The Committee on Meeting*, to consist of the President, the 
Recording Secretary, and three other Fellows, who shall have charge 
of plans for meetings of the Academy. 

See Chap iv art 3, chap ix art. 4 

(viii) The Auditing Committee, to consist of two Fellows, who shall 
audit the accounts of the Treasurer, with power to employ an expert 
and to approve his bill. 

See Chap iv art. 3, chap vu art 1; chap ix. art. 0. 

Article 3. The Standing Committees shall report annually to the 
Council in March on the appropriations severally needed for die ensu¬ 
ing financial year; and all bills incurred on account of these Commit¬ 
tees, within the limits of the several appropriations made by the 
Academy, shall be approved by their respective Chairmen. 

In the absence of the Chairman of any Committee, bills may be 
approved by any member of the Committee whom he shall designate 
for the purpose -■ 

See Chap vii art 1, 7, chap ix. art 6. 


CHAPTER XL 

Meetings, Communications, and Amendments. 

Article 1. There shall be annually eight Stated Meetings of the 
Academy, namely, on the second Wednesday of October, November, 
December, January, February, March, April and May. Only at 
these meetings, or at adjournments thereof regularly notified, or at 
Special Meetings called for the purpose, shall appropriations at money 
be made or amendments of the Statutes or Standing Votes be effected. 

The Stated Meeting in May shall be rim Annual Meeting of the 
Corporation 
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Special Meetings shall be called by either of the Secretaries at the 
request of the President, of a Vice-President, of the Council, or of ten 
Fellows having the right to vote; and notifications thereof shall state 
the purpose for which the meeting is called. 

A meeting for receiving and discussing literary or scientific com¬ 
munications may be bek) on the fourth Wednesday of each month, 
excepting July, August, and September; but no business shall be 
transacted at said meetings. 

Article 2. Twenty Fellows having the right to vote shall consti¬ 
tute a quorum for the transaction of business at Stated or Special 
Meetings Fifteen Fellows shall be sufficient to constitute a meeting 
for literary or scientific communications and discussions 

Article 3 Upon the request of the presiding officer or the Record¬ 
ing Secretary, any motion or resolution offered at any meeting shall 
be submitted in writing. 

Article 4 No report of any paper presented at a meeting of the 
Academy shall be published by any Fellow without the consent of 
the author, and no report shall in any case be published by any 
Fellow in a newspaper as an account of die proceedings of the Acad¬ 
emy without the previous consent and approval of the Council. The 
Council, m its discretion, by a duly recorded vote, may delegate its 
authority in this regard to one or more of its members. 

Article 5. No Fellow shall introduce a guest at any meeting of 
the Academy until after the business has been transacted, and espe¬ 
cially until after the result of the balloting upon nominations has been 
declared. 


Article 0 Hie Academy shall not express its judgment on 
literary or scientific memoirs or performances submitted to it, or 
included in its Publications 

Article 7. All proposed Amendments of the Statutes shall be re¬ 
ferred to a committee, and on its report, at a subsequent Stated Meet¬ 
ing or at a Special Meeting celled for the purpose, two-thirds of the 
ballot cast, and pot less than twenty, moat be affirmative to effect 
enactment. 
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Article 8. Standing Votes may be passed, amended, or rescinded 
at a Stated Meeting, or at a Special Meeting called for the purpose, 
by a vote of two-thirds of the members present They may be 
suspended by a unanimous vote 

See Chap u art 5, 8, chap, in, ohap iv art 3 t 4, 5, chap v art 
chap. vi. art 1, 2, ohap. tx. art 8 
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STANDING VOTES. 

1 Communications of which notice has been given to either of the 
Secretaries shall take precedence of those not so notified. 

2 Fellows may take from the Library six volumes at any one 
time, and may retain them for three months, and no longer Upon 
special application, and for adequate reasons assigned, the Librarian 
may permit a larger number of volumes, not exceeding twelve, to be 
drawn from the Library for a limited period 

3. Works published in numbers, when unbound, shall not be taken 
from the Hall of the Academy without the leave of the Librarian. 

4 The Council, under such rules respecting nominations as it 
may prescribe, may elect as Associates of the Academy a limited 
number of men of mark m affairs or of distinguished service in the 
community 

Associates shall be entitled to the same privileges as Fellows, but 
shall not have the right to vote 

The admission fee and annual dues of Associates shall be the same 
as those of Fellows residing within fifty miles of Boston 

5 Communications offered for publication m the Proceedings or 
Memoirs of the Academy shall not be accepted for publication before 
the author shall have informed the Committee on Meetings of his 
readiness, either himself or through some agent, to use such time as the 
Committee may assign him at such meeting as may be convenient both 
to him and to the Committee, for the purpose of presenting to the 
Academy a general statement of the nature and significance of the 
results contained in his communication. 
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RUMFORD PREMIUM. 

* 

In conformity with the terms of the gift of Sir Benjamin Thompson, 
Count Rumford, of a certain Fund to the American Academy of Arts 
and Sciences, and with a decree of the Supreme Judicial Court of 
Massachusetts for carrying into effect the general charitable intent and 
purpose of Count Rumford, as expressed in his letter of gift, the Acad¬ 
emy is empowered to make from the income of the Rumford Fund, as 
it now exists, at any Annual Meeting, an award of a gold and a silver 
medal, being together of the intrinsic value of three hundred dollars, 
as a Premium to the author of any important discovery or useful 
improvement m light or heat, which shall have been made and pub¬ 
lished by printing, or in any way made known to the public, in any 
part of the continent of America, or any of the American islands, 
preference always being given to such discoveries as, in the opinion of 
the Academy, shall tend most to promote the good of mankind, and, 
if the Academy sees fit, to add to such medals, as a further Premium 
for such discovery and improvement, a sum of money not exceeding 
three hundred dollars 
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